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DEVELOPMENT OF A MINIATURIZED, STERILIZABLE, 
GAMMA-BACKSCATTER ATMOSPHERE DENSITY SENSOR 
By Richard G.  Hassenpflug 
A gamma backsca t te r  atmosphere densi ty  sensor htis been 
designed and a working model f a b r i c a t e d  and tes ted ,  demonstrating 
t h e  densi ty  measurement c a p a b i l i t y  wi th  severe s ize ,  weight, 
power, and environmental cons t r a in t s .  Preliminary tes ts  on the  
working model ind ica ted  t h a t  f u r t h e r  work t o  improve operat ion 
i n  vacuum environments and weight reduction were necessary. 
prototype gamma backsca t te r  atmosphere densi ty  sensors, associ-  
a t e d  e lec t ronics ,  and a source holder  a r e  ready f o r  f u r t h e r  tests 




DEVELOPMENT OF A MINIATURIZED, STERILIZABLE, 
GAMMA-BACKSCATTER ATMOSPHERE DENSITY SENSOR 
By Richard G .  Hassenpflug 
SUMMARY 
A gamma backsca t te r  atmosphere dens i ty  sensor has been 
designed and a working model f a b r i c a t e d  and t e s t e d  a s  Phase I 
of t h e  development program. The program i s  d i r ec t ed  toward 
demonstrating t h e  densi ty  measurement c a p a b i l i t y  wi th in  s ize ,  
weight, power, and environmental c o n s t r a i n t s .  The working 
model m e t  t h e  s i z e  and power goa l s  and i d e n t i f i e d  areas 
requir ing f u r t h e r  development. 
ments i n  methods of de t ec to r  s t a b i l i z a t i o n ,  improved operation 
i n  vacuum environments, and weight reduction. The Phase I1 
program w a s  d i r e c t e d  toward accomplishing these  design improve- 
ments and f ab r i ca t ion  and t e s t i n g  of two engineering prototype 
gamma backsca t te r  atmosphere densi ty  sensors.  Further  tests 
w i l l  be ab le  t o  confirm the  r e s u l t s  obtained i n  t h e  development 
laboratory.  
These areas include improve- 
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v i i i  
INTRODUCTION 
A technique being developed t o  provide d i r e c t  measurement 
of atmospheric densi ty  from a high speed entry vehic le  involves  
the s c a t t e r i n g  of gamma rad ia t ion .  Some f r a c t i o n  of t h e  gamma 
f l u x  emerging from a radioisotope source i s  backscat tered by the  
atmosphere i n t o  a r ad ia t ion  detector .  The backsca t te r  i n t e r a c t i o n  
i s  l i n e a r l y  dependent upon densi ty  i n  the  s c a t t e r i n g  region. By 
col l imat ing the  source emission and the  de tec tor  f i e l d  of view, 
a measurement can be made of the ambient densi ty  i n  a region out- 
s ide of t he  shock wave. No probes o r  spec ia l  windows which might 
a f f e c t  the  i n t e g r i t y  of the  vehic le  skin o r  heat  sh i e ld  are required.  
Resul ts  of f l i g h t  tests i n  the  e a r t h ' s  atmosphere of a prototype 
densi ty  sensor employing t h i s  technique showed good agreement with 
ex i s t ing  densi ty  data .  I n  addi t ion,  a study conducted f o r  Langley 
Research Center showed the f e a s i b i l i t y  of applying t h i s  technique 
t o  measure the  ambient m a s s  densi ty  of the  Martian atmosphere ( r e f .  
1) 
The objec t ive  of the  program reported he re in  i s  the  devel- 
opment of a miniatur ized engineering model atmosphere densi ty  sensor 
employing the  gamma backscat ter  technique. The t o t a l  program i s  to :  
1. Demonstrate the  a b i l i t y  of the  device t o  measure 
2. Demonstrate the s ize ,  weight, and power spec i f i ca t ion  
atmospheric densi ty  i n  the  region of i n t e r e s t .  
of the  device. 
3.  Demonstrate the  i n s e n s i t i v i t y  of the  device t o  the  
an t i c ipa t ed  space f l i g h t  environment including s te r i l -  
i za t ion .  
The guidel ines  of t h i s  development are predicated on an 
eventual space mission culminating i n  the  measurement of the  atmos- 
phere densi ty  p r o f i l e  of a p lane t  such as Mars. 
def ine the  densi ty  p ro f i l e s ,  environments, vehic le  cons t ra in ts ,  
etc. 
c i f i c  missions as required with only minor adaptat ion.  
These guidel ines  
The r e s u l t i n g  hardware w i l l  be proven f o r  appl ica t ion  t o  spe- 
The objec t ives  and guidel ines  of t he  program are f u r t h e r  
defined i n  the  next  sec t ion  of t h i s  repor t .  These are followed 
by design d e t a i l s  of the  var ious assemblies t h a t  make up the  sensor.  
A descr ip t ion  of the  engineering model i s  presented along with t e s t  
data  and r e s u l t s .  The f u r t h e r  development of two prototype sensors  
and the tes t  data  are described along with the  problems assoc ia ted  
with the  development. 
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This  work w a s  sponsored by the National Aeronautics and 
Space Administration, Langley Research Center, under Contract 
Number NASI-7791. 
of Pe ter  J. LeBel ,  of NASA, Langley Research Center. 
The program w a s  under the  technical  cognizance 
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SYMBOLS AND UNITS 
The In t e rna t iona l  System of Units  w i l l  be used through- 
de t ec to r  area, cm 
out t h i s  repor t .  The symbols a r e  defined below. 
Ad 
D dose buildup f ac to r ,  dimensionless 
D dose rate, mr/hr 
2 
E energy of photons emit ted from source, KeV 
G ge me t r y  f a c t o r  , dimensionle s s 
I count rate, pu lses  per  second 
'as 
'b background count rate, pulses/second 
I d  
a i r  sca t t e red  count rate, pulses/second 
de tec ted  count rate, pulses/second 
source s t rength,  photons/second emit ted i n t o  
a 4nsol id  angle  
sca t t e red  r ad ia t ion  t o  de tec tor ,  pulses/second 
w a l l  s ca t t e r ed  count rate, pulses/second 
a i r  scat ter  scale f a c t o r  
w a l l  scatter scale f ac to r  
I, 
I, 
I W S  
Kas 
KWS 
r source-detector separat ion,  cm 
S source s t rength ,  cu r i e s  
SA spec i f i c  a c t i v i t y  
t thickness,  cm 
T decay t i m e ,  days 
V volume 
X pa th  length,  cm 
Y y ie ld ,  percent  
3 
r 
r - c m  2 /mc-hr 
dose rate constant,  
de tec tor  e f f ic iency ,  dimensionless ‘d 
absorpt ion coe f f i c i en t ,  cm 2 /gm 
1J.a 
3 P densi ty ,  gm/cm 
densi ty  of ambient atmosphere, gm/cm 3 pa 
aa s ph3ton s c a t t e r i n g  c o e f f i c i e n t  of ambient atmosphere, 
cm / g m  
7 h a l f  l i fe ,  days 
4 
PROGRAM OBJECTIVES AND GUIDELINES 
This program i s  one of severa l  s t eps  i n  the development 
sequence of a technique t o  provide a d i r e c t  measurement of atmos- 
pheric  densi ty  from a high speed entry vehicle .  The technique 
involves t h e  s c a t t e r  of gamma rad ia t ion .  
Previous s tud ie s  and tes t  programs sponsored by NASA - 
Langley Research Center have demonstrated the  f e a s i b i l i t y  of 
employing gamma rad ia t ion  s c a t t e r i n g  technique f o r  measuring 
atmospheric densi ty .  These included rocket  f l i g h t s  a t tempting 
measurement of Ear th ' s  atmosphere i n  the  100 t o  300 K f e e t  a l t i -  
tude region ( r e f .  2), a computer analyses  of the  s c a t t e r  phenomena 
and assoc ia ted  aux i l i a ry  e f f e c t s  ( r e f .  3), a f e a s i b i l i t y  study of 
applying t h i s  technique t o  t h e  Mars appl ica t ion  ( r e f .  1) and devel- 
opment of sources f o r  spec i f i c  appl ica t ion  t o  the measurement of 
atmospheric densi ty .  
Ob j ec t ive s 
The objec t ive  of t h i s  program i s  the  development of a 
miniatur ized engineering pro t o  type atmosphere densi ty  sensor 
employing the  gamma backscat ter  technique i n  order  to:  
1. Demonstrate the  a b i l i t y  of t he  device to measure 
atmospheric densi ty  i n  the  region of interest .  
2.  Demonstrate the  s ize ,  weight, and power spec i f i -  
ca t ions  of the  device. 
3. Demonstrate the  i n s e n s i t i v i t y  of t h e  device t o  
the an t i c ipa t ed  space f l i g h t  environment including 
s t e r i l i z a t i o n .  
Since t h i s  program i s  not  d i r ec t ed  toward a spec i f i c  veh ic l e  o r  
atmosphere, the  design requirements are based upon conceptual 
thinking per ta in ing  t o  a Mars mission. 
The atmosphere p r o f i l e s  considered are the extremes de- 
f ined  by the  VM-8 and VM-9 models as  described i n  reference 4 .  
These densi ty  p r o f i l e s  are i l l u s t r a t e d  i n  Figure 1. 
Size,  weight, and power cons t r a in t s  are necessar i ly  severe 
due t o  the  constrained payload capaci ty  of the space vehicles .  
The design goa ls  i n  t h i s  regard are: 
1. Total  sensor weight including shielding - 5.0 l b s .  
2. Tota l  sensor volume - 100 i n 3  
3 .  Total  power from a 28 vdc supply - 5 w a t t s  
5 
DATE 
FIGURE 1 - Density a s  a Funct ion of A l t i t u d e  f o r  t h e  Extremes 
of Mars Model Atmospheres, VM-8 and VM-9 
- 
One of the  primary object ives  of t h i s  program i s  t o  demonstrate 
with working hardware t h a t  these  goals  can be achieved. 
Environments encountered p r i o r  t o  the mission include 
handling, shipping, and s t e r i l i z i n g .  During the  mission, environ- 
ments of v ibra t ion ,  shock, accelerat ion,  temperature, vacuum, 
electromagnetic radiat ion,  and nuclear  r ad ia t ion  w i l l  be encoun- 
tered.  The s t e r i l i z a t i o n  environment has  been summarized i n  
Table I. 
are l i s t e d  i n  Table 11. 
The o the r  environments used as a guide f o r  t h i s  program 
Design Guidelines 
This  sec t ion  presents  the  design guidel ines  agreed upon 
The primary approach i s  t o  car ry  a t  t he  start  of the  program. 
forward the  work performed under Contract NAS1-5341 ( r e f .  1). 
The Mission. A Mars mission i s  assumed as a guidel ine.  
The missxon starts with the  assembly, t e s t ing ,  ca l ibra t ion ,  and 
s t e r i l i z a t i o n  of the  sensor on Earth, followed by i n s t a l l a t i o n  
i n t o  the  planetary vehic le .  
i s  i n  a shielded configurat ion u n t i l  j u s t  p r i o r  t o  launch when 
i t  i s  unshielded via ground command. Once launched, the  plane- 
t a r y  vehic le  passes  through t h e  Van Allen rad ia t ion  b e l t s  near  
Earth and spends e i g h t  months i n  t r a n s i t  t o  Mars. The t r a j e c t o r y  
i s  such t h a t  t he  planetary veh ic l e  i s  placed i n  a Mars o r b i t .  
The planetary veh ic l e  cons i s t s  of an o r b i t i n g  spacecraf t  and an 
en t ry  capsule .  On command from Earth, t he  entry capsule  separates  
from the  o rb i t i ng  spacecraf t  and dece lera tes  aerodynamically, and 
i n  the  terminal  phase by parachute o r  retromotor, t o  a s o f t  land- 
ing  on the  Martian surface.  
The descent c m e n c e s  a t  a shallow angle  below the  hor i -  
zon, -20 degrees, and a t  a maximum ve loc i ty  of -5 -/second. 
The sensor i s  ac t iva t ed  and the  r ad ia t ion  source i s  shielded f o r  
a short  per iod and a measurement of background r ad ia t ion  i s  made 
p r i o r  t o  the  capsule  reaching t h e  Martian atmosphere. 
capsule  e n t e r s  the  atmosphere, drag reduces i t s  ve loc i ty  and shock 
waves form around t h e  capsule.  A s  the  capsule reaches an a l t i t u d e  
somewhat above 100,000 f e e t ,  the  gamma rad ia t ion  source i s  exposed 
and the  measurement of f r e e  atmosphere densi ty  begins. A s  the  
capsule f u r t h e r  dece lera tes  and descends i n t o  the  Martian atmos- 
phere, a ve loc i ty  i s  reached which i s  slow enough f o r  heat  sh i e ld  
separat ion.  With the  hea t  s h i e l d  removed, the remainder of the  
descent i s  cont ro l led  by parachute o r  retromotor t o  a s o f t  land- 
ing on the  Martian surface.  
The sensor 's  gamma rad ia t ion  source 
A s  the  
During the  descent, data  i s  telemetered from the  en t ry  
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TABLE I1 - Environmental Guidelines 
1. Launch Environment - sensor not  operat ing 
a.  Sinusoidal  Vibration* 
0.6 - 15 g RMS; 5 - 17 CPS 
15 g RMS; 1 7  - 2000 CPS 
Single  sweep each of th ree  axes; 5 - 2000 cps a t  
1 octave/minute 
b. Random Vibrat ion ( a l l  axes)* 
0.4.5 g2 cps, 700 - 1200 cps r o l l e d  off  a t  1 2  db/octave 
both s ides  t o  227 and 2000 cps. 
20 to  227 cps 
1 g RMS f o r  80 seconds; 7.5 g RMS f o r  4.0 seconds; 
15 g RMS f o r  40 seconds; 20.5 g RMS f o r  4.0 seconds 
0.005 g2 cps from 
c.  (1) Thrust  a x i s  = k12 g, 5 minutes 
d. Shock ( a l l  axes) 
(2) Transverse axes = k4.5 g, 5 minutes 
35 g, 11 mil l iseconds 
2. T rans i t  t o  Mars (8 months) - sensor general ly  not opera- 
t i n g  except t h a t  the  device w i l l  be ac t iva t ed  p r i o r  t o  




-55°C t o  +40"C 
A hard vacuum may be  possible  
3 .  Atmospheric Entry - sensor operat ing 
a. Decelerat ion 
b.  Pressure 
55 "Mars" g 
Increasing from possible  hard vacuum p r i o r  t o  entry 
t o  ambient a t  p l ane t ' s  surface ( 5  - 20 mb) 
c. Temperature 
-3OOC t o  +4OoC 
*From Atlas-Agena-Lunar Orbi te r  q u a l i f i c a t i o n  spec i f i ca t ion  
f o r  components. 
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TABLE I1 - Environmental Guidelines, Page 2 
During the  l a t t e r  s tages  of entry,  the  temperature w i l l  
probably be near  the  high end of t h i s  range. There i s  
the  p o s s i b i l i t y  of thermal shock when the  hea t  sh i e ld  
i s  e j ec t ed  and the  sensor i s  exposed t o  ambient atmos- 
pheric  temperature (-20°C t o  -100°C a t  20,000 f e e t  i n  
Mars ' atmosphere). 
10 
The Measurement. The measurement of aimospheric densi ty  
by gamma rad ia t ion  s c a t t e r i n g  i s  i l l u s t r a t e d  i n  Figure 2.  
radioisotope source of gamma rad ia t ion ,  housed i n  a shield,  
e m i t s  gamma rays which pass  through the  vehic le  skin, hea t  
shield,  and shock layer i n t o  the  f r e e  stream atmosphere. A 
por t ion  of these gamma rays i s  sca t t e red  by the  gas atoms com- 
p r i s i n g  the  atmosphere. The port ion of gamma r a y s  s ca t t e r ed  
i s  d i r e c t l y  proport ional  t o  the  gas densi ty .  Some of these 
sca t t e red  gammas reach the  de tec tor  located within the  vehicle ,  
giving a measure of gas densi ty .  A s  the  gas  densi ty  increases ,  
t he  output  of t he  de t ec to r  increases  proport ionately.  
A 
Scat te r ing  Theory. Before studying the  s c a t t e r i n g  theory, 
i t  i s  use fu l  t o  examine the s i g n i f i c a n t  forms of i n t e rac t ion  of 
Y r a y s  with matter. 
s ib l e ,  Compton sca t te r ing ,  photoe lec t r ic  absorption, and p a i r  
production dominate so s t rongly f o r  the  y ray  energies  t o  be 
considered (10 Kev t o  10 MeV) t h a t  t he  o ther  processes can be 
neglected.  These three  important processes  are: 
Of s i x  poss ib le  modes of i n t e r a c t i o n  pos- 
a. Compton Sca t te r ing  - A ray scatters from a 
s i n g l e  e l ec t ron  which i s  i n  an o r b i t  about a nucleus. 
This  e l ec t ron  absorbs some of the  y ray energy and 
i s  f reed  from i t s  o r b i t .  The energy of the sca t t e red  
Y ray depends upon i t s  o r i g i n a l  energy, t he  energy 
required t o  f r e e  t h e  electron,  and the  angle  of scat- 
te r ing .  
b. Photoe lec t r ic  Absorption - The Y ray energy i s  
completely t r ans fe r r ed  t o  an o r b i t i n g  e l ec t ron  which 
then leaves i t s  o r b i t .  
c. P a i r  Production - The y ray i n t e r a c t s  with the  
electric f i e l d  about a nucleus o r  an e l ec t ron  and i s  
converted i n t o  a pos i t ron  and an electron.  
y ray energy of 1.02 MeV i s  necessary. 
A minimum 
Of these  th ree  i n t e r a c t i o n  processes,  p a i r  production i s  avoided 
by using a r ad ia t ion  source of less than 1.02 MeV, and photoelec- 
t r i c  absorpt ion r e s u l t s  i n  a high speed e l ec t ron  which travels 
away from the  MP/L and has  a neg l ig ib l e  chance of producing a 
count i n  the  de t ec to r  of t h e  densi ty  sensor. Therefore, only 
the  Compton s c a t t e r i n g  need be considered. 
as shown i n  Figure 2. To avoid measuring the  densi ty  of t he  
shock wave, both are col l imated so t h a t  t h e i r  f i e l d s  of v i e w  
i n t e r s e c t  only beyond the  shock wave. The re la t ionship ,  de-  
scribing the  number of s ca t t e r ed  gammas detected as a funct ion of 
atmospheric densi ty ,  i s  descr ibed by t h e  expression: 
The source and de tec tor  are loca ted  within t h e  capsule 
11 




i s  the  densi ty  of t he  atmosphere outs ide 
the shock wave, i n  gm/cm3 Pa 
i s  the  de t ec to r  e f f ic iency  “d 
Ad i s  the  de tec tor  area, i n  c m  2 
OaS ambient atmosphere, i n  cm 5 /gm i s  the  photon s c a t t e r i n g  o e f f i c i e n t  of the  
Io i s  the  source s t rength  i n  photons/second 
emit ted i n t o  4 ‘ f ~  s o l i d  angle  about the  source 
G i s  a constant  r e l a t e d  t o  the  geometric con- 
f igu ra t ion  
Is i s  the  number of photons per  second detected 
Equation (1) pred ic t s  only the  count rate r e s u l t i n g  from 
y rays of energy E 1  which leave the  source, reach the  region of 
overlap f o r  t h e  col l imated source and de tec tor  without  f u r t h e r  
in te rac t ion ,  scatter once i n  t h e  overlap volume, reach the  de- 
t e c t o r  without f u r t h e r  i n t e rac t ion ,  and then are detected.  
Obviously, counts w i l l  be  recorded t h a t  do not  correspond t o  
the  above sequence of events., These counts may be divided i n t o  
two groups -- those which are i n d i c a t i v e  of the  ambient densi ty  
and those which are not. The f i r s t  group i s  use fu l  and i t s  
inc lus ion  w i l l  bene f i t  the  densi ty  sensing experiment. 
can arise when a source y ray undergoes a low angle  scatter i n  
the  hea t  sh i e ld  followed by a scatter i n  t h e  overlap volume and 
subsequent detect ion.  A b r i e f  survey of t he  p o s s i b i l i t y  of such 
an  event i nd ica t e s  t h a t  i t  ( a d o t h e r s  of similar types) are not  
s u f f i c i e n t l y  numerous t o  j u s t i f y  the  e f f o r t  needed t o  accuratCly 
p red ic t  t h e i r  e f f e c t .  Therefore, equation (1) i s  used as the  
b a s i s  of design even though i t  gives  a pess imis t ic  estimate of 
the  use fu l  count rate Is. 
On the  o the r  hand, t he re  are those counts which are 
d e f i n i t e l y  not  i nd ica t ive  of the  ambient atmospheric densi ty .  
Such counts may arise when a y ray scatters i n  the  hea t  shield,  
proceeds along the  hea t  sh i e ld  t o  s c a t t e r  i n  the  sh i e ld  over 
the  detector ,  and i s  then detected.  Cosmic ray counts, etc: ,  
are a l s o  i n  this catagory. A l l  such counts cause an e r r o r  i n  
the  ind ica ted  atmospheric densi ty .  
a f t e r  s c a t t e r i n g  from the  atmosphere 
They 
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Design Consideration. The hardware configurat ion used 
t o  sense atmospheric densi ty  by gamma rad ia t ion  sca t t e r ing  must 
include the  following elements: 
1. A radioisotope source i s  needed t o  e m i t  gamma 
photons of t he  proper energy t o  provide good s c a t t e r  
i n  the  atmosphere, be ab le  t o  pene t ra te  the  veh ic l e  
skin eas i ly ,  be e a s i l y  shielded and coll imated, and 
have a long ha l f  l i f e .  
2. A detec tor  i s  needed which can e f f i c i e n t l y  de tec t  
t he  sca t t e red  g a m  photons, r e t a i n  c a l i b r a t i o n  a f t e r  
a long mission, and withstand the  environments encoun- 
tered.  
3 .  Shields  are needed around the  source and de tec tor  
t o  prevent d i r e c t  transmission from the  source and 
i n t e r n a l  scatter within the  vehic le  from reaching t h e  
detector .  The source r ad ia t ion  p a t t e r n  and de tec tor  
viewing p a t t e r n  are shaped so t h a t  the  scatter s igna l  
reaching t h e  de tec tor  i s  from a volume of atmosphere 
which i s  beyond the  e f f e c t s  of vehic le  in te rac t ion ,  
thus providing a d i r e c t  measure of the  free stream 
atmospheric densi ty .  
4 .  A scurce shuuter provides means of shielding the  
sources j u s t  p r i o r  t o  en t ry  i n t o  the  atmosphere so 
t h a t  an accurate  background measurement may be made. 
5. Background noise  l i m i t s  the  accuracy of t h e  sensor 
a t  the  high al t i tude-low densi ty  end of the  measurement 
range. Therefore, i t  i s  necessary t o  minimize t h i s  
noise  by means of e l ec t ron ic  r e j ec t ion ,  
Baseline Design. Since the  veh ic l e  configurat ion and 
mission have not  been defined, many of the  m e c i f i c s  of design 
must be se lec ted  somewhat a r b i t r a r i l y .  The configurat ion r e i u l t -  
ing  from Contract NAS1-5341 i s  used as the  b a s i s  f o r  t he  se lec ted  
configurat ion with some geometric changes t o  improve the  response. 
The bas i c  guidel ines  are l i s t e d  below. 
1. Source - The source design provides shu t t e r  capa- 
bility so  t h a t  t he re  need be no unusual precaut ions required 
during vehic le  assembly and so t h a t  a measure of background 
noise  can be made p r i o r  t o  en t ry  i n t o  the  atmosphere. 
mechanism a l s o  provides s u i t a b l e  pro tec t ion  i n  the  event of a 
launch pad explosion. The source configurat ion i s  updated t o  
include r e s u l t s  of recent  ORML i nves t iga t ions  ( r e f .  5). 
The source 
Speci f ic  c h a r a c t e r i s t i c s  are: 
Source material . Gadolinium 153 
Emission - 100 Kev gammas 
Half L i f e  - 242 days 
Useful s t rength  at the  t i m e  of measurement - 20 gamma 
c u r i e s  
Collimation e f f ic iency  f a c t o r  - 3 
Time decay f a c t o r  - 2.42 
Self  absorpt ion f a c t o r  - 1.33 
Abundance f a c t o r  - 2.18 
Strength when del ivered from manufacturer - 480 cu r i e s  
2. Detector - The de tec tor  c h a r a c t e r i s t i c s  on which 
the  design is based are: 
Type - S c i n t i l l a t i o n  c rys ta l /photomul t ip l ie r  tube 
S c i n t i l l a t i o n  material - NaI(T1) o r  equivalent  
Diameter - 2 inches 
Thickness - 0.25 inch 
AGC reference - Source t o  provide minimum background 
noise  - under 32 Hz 
3. Geometry - The geometric configurat ion i s  based 
on the  following: 
Source - Detector  separat ion - 100 cm 
Source col l imat ion - 30' t o  150" 
Detector col l imat ion - 30" t o  150' 
4.  Shielding - That necessary t o  reduce d i r e c t  t rans-  
mission t o  less than 1 Hz with sh i e ld  open and t o  provide a 
maximum dose rate of 2 m r  per  hour a t  one m e t e r  wi th  sh i e ld  
closed. 
5. Heat Shield - Assumed as follows: 
Thickness - 0.5 c m  
Density - 0.5 gm/cm3 
6. Elec t ronics  - Based on the  following: 
Response - 100 Hz t o  40,000 Hz 
Window discr iminator  - 60-100 Kev 
AGC - Necessary t o  maintain c a l i b r a t i o n  through 
s t e r i l i z a t i o n ,  t r a n s i t  time, and environ- 
ment 
7,  Ablat ion Gages - None 
8. Accuracy - *lo% 
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9. System Size, Weight, and Power: 
S ize  - 100 i n3  
Weight - 5 lbs .  
Power - 5 w a t t s  
10, S t e r i l i z a t i o n  - The design i s  based upon maximum 
u t i l i z a t i o n  of s t e r i l i z a t i o n  proven pa r t s .  
11, R e l i a b i l i t y  - The design i s  based upon maximum 
u t i l i z a t i o n  of proven, high r e l i a b i l i t y  pa r t s .  
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DESIGN 
This  sec t ion  presents  t he  design approaches, t radeoffs ,  
considerat ions,  and design d e t a i l s  which have r e su l t ed  i n  the  
present  design configurat ion f o r  the  working model. 
Mathematical Model 
The mathematical model i s  derived i n  Appendix A showing 
t h e  bas i c  design re la t ionships .  The atmosphere sca t t e red  s igna l  
as detected i s  expressed as; 
I S  Pa 
The geometry fac tor ,  G, i s  seen t o  be a funct ion of bas i c  var- 
i a b l e s  pe r t inen t  t o  the  bas ic  design configurat ion.  These are 
the  r ad ia t ion  p a t t e r n  of the  source, t he  s e n s i t i v i t y  p a t t e r n  of 
t he  detector ,  and the  source t o  de tec tor  separat ion.  The source 
and de tec tor  p a t t e r n s  and t h e i r  e f f e c t  on s e n s i t i v i t y  are not  
separable  and must therefore  be considered together .  One ob= 
vious conclusion i s  t h a t  the  broader the  col l imat ion is, p a r t i c -  
u l a r l y  the  region between source and detector ,  the  g rea t e r  t he  
s e n s i t i v i t y .  However, as t h i s  col l imat ion i s  broadened t o  in-  
c lude volumes c l o s e  t o  the  vehic le  between the  source and detector ,  
more scatter occurs wi th in  the  shock l aye r  and the  accuracy i s  
degraded. I n  l i e u  of a de ta i l ed  ana lys i s  of t h i s  e f f e c t  s ince  
a c t u a l  vehic le  and shock l aye r  c o n s t r a i n t s  are unknown, an a r b i t -  
r a ry  source and de tec tor  col l imat ion of from 30 degrees t o  150 
degrees w a s  selected.  Subsequent ana lys i s  by Whittaker e t  a1 
( r e f ,  3) has  shown t h a t  s i g n i f i c a n t  e r r o r  can be expected from 
shock l a y e r  effects using these col l imat ion angles,  and, i n  
f ac t ,  even narrowing the  col l imat ion fram +60 degrees d id  not  
show a marked improvement. 
Source Assembly 
A s  has been reported previously (ref. l ) ,  the  source 
material should e m i t  l o w  energy gammas f o r  a high s c a t t e r i n g  
probabi l i ty ,  bu t  high enough i n  energy t o  minimize absorpt ion 
i n  the  vehic le  s t ruc ture .  The reasonable compromise i s  i n  the  
region of 100 Kev. 
content  of high energy gammas which must be shielded from d i r e c t  
transmission. Several  sources have been considered i n  a study 
by ORNL ( r e f ,  5) which included i n  order  of preference: 
A second important considerat ion i s  a minimum 
1. Gadolinium-153 from na tu ra l  europium 
2. Euro ium-155 fram enriched 154Sm 
3 ,  
4. Gadolinium-153 f ron enriched 152Gd 
Coba P t -57 ,  cyclotron produced 
1 7  
The Gadolinium-153 w a s  s e l ec t ed  f o r  t h i s  program having 
p rope r t i e s  as l i s t e d  below, 
Half l i f e  - 242 days 
Types of decay - Electron capture  - 100% 
Emi  s s ion s : 












Spec i f ic  Ac t iv i ty  - 78 c u r i e s  per  gram of Gadolinium 
maximum 
Density - & p/cm3 
P u r i t y  - percent  y i e l d  of gammas of energy g rea t e r  
than 150 Kev 
The optimum configurat ion of the  source capsule  i s  dependent upon 
several t radeoffs .  F i r s t ,  t he  source must be t h i n  t o  minimize 
self-absorpt ion,  Second, t he  source must be c lose  t o  a point  source 
t o  minimize shielding and col l imat ion weight, Third, t he  source 
must have a volume cons i s t en t  with the  source s t rength  desired 
and s p e c i f i c  a c t i v i t y  achievable. Fourth, t he  configurat ion must 
be such t h a t  remote sh ie ld ing  i s  p r a c t i c a l .  Evaluation of these 
four  cons t r a in t s  have r e su l t ed  i n  the  se l ec t ion  of a l i n e  source 
configurat ion as shown i n  Figure 3 .  This  source has  a length of 
10 cm, a width of 1 cm, and a thickness  of 0.24 cm,  The source 
capsule  i s  a welded, s t a i n l e s s  steel container  having a w a l l  th ick-  
ness  of 0,015 cm. 
For a 20 gamma c u r i e  e f f e c t i v e  source, t h e  required source 
s t rength  i s  computed as follows: 
Self  Absorption 
where: 
2 1~. = 4 c m  /gm 
3 p = 3 gm/cm 
t 0.24 c m  
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FIGURE 3 - Source Configuration 
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Half-Life Correct ion 
T - .69 - 
e ' = 0.55 
where 
T = 270 days f o r  mission 
7 = 242 days h a l f - l i f e  
Yield 
0.52 
Absorption i n  Capsule Skin ( s t a i n l e s s  steel) 
e'vPt = 0.94.5 
where 
~1 = 0.37 cm 2 /gm 
( 4 )  
(5) 
3 p = 10 gm/cm 
t = 0.15 cm 
The required source s t rength  i s  thus 
= 210 cu r i e s  ( 6 )  20  gamma cur i e s  = 0.35 x 0.55 x 0.52 x 0.945 
The required spec i f i c  a c t i v i t y  t o  package 210 c u r i e s  i n  
the  capsule  volume i s  ca lcu la ted  as 
= 29.1  cur i e s  pe r  gram (7) 
S A = - -  s -  210 
VP 10 x 1.0 x 0.24 x 3.0  
This  i s  w e l l  below the  poss ib l e  7 8  c u r i e s  pe r  gram, ind ica t ing  
adequate margin. The capsule thickness  w a s  se lec ted  based upon 
an e x i s t i n g  t h i n  w a l l  tubing extrusion.  I f  the  source w a s  reduced 
t o  0 .1  cm thickness,  the  required s t rength  would be 128 c u r i e s  
and the  spec i f i c  ac t iv i ty  43 c u r i e s  per  gram. 
Pur i ty  - The source pu r i ty  must be such t h a t  no high 
energy gammas are emit ted such t h a t  they reach the  de tec tor  and 
cont r ibu te  a s i g n i f i c a n t  background level. This  background can 
be computed as follows, assuming no absorpt ion.  
" a  
Y 3 . 7  x 1o1O 'B= 2 
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l e t t i n g  
IB = 1.0 pulse  p e r  second background due t o  impur i t ies  
Y = Percent y i e l d  of impur i t ies  of high energy 
2o = 38.5 c u r i e s  .sz S = Source s t rength  = 
AD= Exposed de tec tor  area = 3.25 c m  2 
r = Source-detector separat ion = 100 cm 
r e s u l t s  i n  a percent  y i e l d  of 
100 4n loo2 
1.0 x 38.5 x 3.25 x 3./  x 10x0 (9) 
Thus, a 2.7 x percent  y i e l d  o r  less of high energy gammas 
i s  required.  E f fec t s  of absorption, dose buildup, sca t te r ing ,  
and de tec tor  response would tend t o  modify t h i s  somewhat, but  i t  
i s  not  f e l t  t h a t  a s i g n i f i c a n t  change would r e s u l t  if these e f -  
f e c t s  w e r e  considered s ince they would be self-compensating. 
Source Shielding - The source shielding must perform 
three  funct ions.  F i r s t ,  i t  must a t t enua te  the  d i r e c t  transmission 
of gammas t o  the  de tec tor  such t h a t  a neg l ig ib l e  background noise  
i s  produced. Second, i t  must provide the  des i red  col l imat ion t o  
the source. Third, i t  must, when i n  the  closed pos i t ion ,  a t t en -  
u a t e  the  r ad ia t ion  t o  a sa fe  level f o r  working personnel i n  the  
v i c i n i t y .  The thickness  of shielding required i s  ca lcu la ted  as 
follows. The d i r e c t  transmission i s  expressed as 
4rr rL 
f o r  the  design being considered. 
= 20 x 3.7 x l o l o  x 0.52 = 3.84 x 1011 pps IO 
2 AD = 3.25 cm 
r = 100 cm 
IJ- 
2 
= 4.2 cm /gm f o r  tungsten and 100 Kev gammas 
P = 17 gm/cm3 f o r  tungsten 
I = 1 pps, the  maximum allowable count r a t e  
D = 3.05 dose buildup f a c t o r  from r e f .  6, page 45 
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The required shielding thickness  i s  thus 
Since the  source configurat ion i s  a l i n e  source, e f f e c t i v e  
col l imat ion can be achieved only i n  one d i rec t ion ,  about the  major 
ax is .  The l i n e  source i s  thus or ien ted  with the major a x i s  per-  
pendicular  t o  the  d i r ec t ion  t o  the  detector .  Collimation about 
the minor a x i s  i s  not  necessary f o r  e l iminat ion of  shock l aye r  
e f f ec t s .  The inherent  col l imat ion due t o  absorpt ion i s  s u f f i c i e n t .  
The source c ross  sec t ion  i l l u s t r a t e d  i n  Figure 4 shows the collima- 
t i on  configurat ion.  The ac tua l  p a t t e r n  achieved, including both 
geometrical  and absorpt ion e f f ec t s ,  i s  a l s o  shown. Figure 5 i l l u s -  
trates the  p a t t e r n  about the  minor ax is ,  p r i m a r i l y  the  r e s u l t  of 
self-absorpt ion e f f e c t s .  
l a t e d  as follows: 
The shielding required f o r  safety considerat ions i s  calcu- 
where 
D = 2 m r / t r  dose rate 
S = 210 c u r i e  source s t rength  
r = 0.22 mr - 2 dose rate 6 mr-cm 2 cu r i e -h r  o r  0.22 x 10 
cons t a n  t 
r = 100 cm 
D = 3 . 0  dose buildup f a c t o r  
2 
IJ- = 4..2 cm /gin f o r  tungsten and 100 Kev gammas 
p = 1 7  gm/cm3 f o r  tungsten 
t = thickness  i n  cm 
The required shielding thickness  i s  then: 
= 0.077 c m  1 S I ' D  t = -  
VP D r 2  
Source Mechanism - The completed source assembly i s  i l l u s -  
t r a t e d  i n  Figure 6.  The design of the sh i e ld  mechanism i s  t o  pro- 
vide proper s h i e l d  pos i t i ons  f o r  the following: 
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I sos  t rength Lines  
Source Material 
Tungsten 
FIGURE 4 - Source Cross Sect ion and P a t t e r n  
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a. Pre-launch a c t i v i t i e s  
b. Launch accident  and f i r e  
c.  Fa i l - sa fe  operat ion during the  m i s s i o n  
The following sequence w a s  used t o  e s t a b l i s h  the  sh i e ld  
a .  During the  pre-launch a c t i v i t i e s ,  the  sh i e ld  
should be closed wi th  no power appl ied.  
performance c r i t e r i a :  
b .  J u s t  p r i o r  t o  launch, the s h i e l d  should be re- 
motely opened f o r  preliminary tes t  and poss ib le  
c a l i b r a t i o n  check on the system. 
c .  During t h e  measurement phase, the  sh i e ld  should 
fai l -open t o  permi t  completion of the measurement 
phase of the  mission; however, normal operation 
permits  a choice of remotely se l ec t ing  e i t h e r  open 
o r  c losed pos i t i ons  f o r  background r ad ia t ion  co r re l -  
a t ion .  
Referr ing t o  Figure 6, the  var ious elements of the s h i e l d  
assembly are i d e n t i f i e d .  The source capsule  i s  housed i n  the  
source holder .  Th i s  holder  i s  tungsten and provides the shielding 
necessary t o  pe rmi t  d i r e c t  transmission and properly col l imate  
the source. The source holder  i s  i n s t a l l e d  i n  the  source mechanism 
and i s  closed by r o t a t i n g  90 degrees t o  f ace  the safe ty  sh i e ld  
( i tem 39, Figure 6). The source holder  i s  secured by t ightening 
the  screws ( i tem 9 ) .  The sh ie ld  housing i s  motivated t o  the  closed 
pos i t i on  by a c t i v a t i n g  the  rotary solenoid ( i tem 2 ) .  To r e t a i n  
the sh i e ld  housing i n  the  closed pos i t ion ,  t he  b i d i r e c t i o n a l  l i n -  
ear  solenoid (i tem 27) i s  ac t iva ted .  Pins  ( i tem 31) f a l l  i n t o  
de ten ts  i n  the l i n e a r  solenoid s h a f t  t o  i n su re  p o s i t i v e  pos i t ion-  
ing.  The sh ie ld  housing i s  shown i n  the  closed-retained pos i t i on  
i n  Figure 6. 
To open the  sh i e ld  housing, the  re ta in ing  sha f t  i s  with- 
drawn by a c t i v a t i n g  the  l i n e a r  solenoid i n  the  reverse d i rec t ion .  
A spring i n t e g r a l  with the  rotary solenoid opens the  mechanism 
ro ta t ing  the  sh i e ld  housing 90 degrees counterclockwise. To per-  
form a mid-mission r ad ia t ion  background measurement, the  ro ta ry  
solenoid i s  ac t iva t ed  t o  the  closed pos i t ion .  The l i n e a r  solenoid 
i s  not ac t iva ted .  I n  t h i s  manner should the re  be an e l e c t r i c a l  
f a i l u r e ,  the  housing w i l l  remain i n  t he  open posi t ion,  as the ro ta ry  
solenoid i s  spr ing loaded open. 
f ea tu re s  provide s a f e  containment of t h e  rad ioac t ive  source. 
I n  case of a launch pad explosion o r  f i r e ,  the  following 
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The rad ioac t ive  material i s  contained i n  a s t a i n l e s s  
steel capsule having a melt ing poin t  of 2500°F. 
p la t e ,  bear ing blocks, and main housing are  f ab r i ca t ed  of t i t a -  
nium which has a melt ing po in t  of 3270°F. 
and s h i e l d  are of tungsten which has  a melt ing poin t  of 6090°F. 
When t h e  source i s  i n  t h e  shielded pos i t ion ,  t h e  above p a r t s  gro- 
v ide  a secure housing f o r  t h e  r ad ioac t ive  material up t o  2500 F. 
A t  t h i s  temperature, t h e  s t a i n l e s s  steel capsule w i l l  m e l t ,  but  
the  source housing, s h i e l d  and mounting p l a t e  w i l l  l a s t  t o  3270°F. 
The sequence of operat ions during a f i r e  i s  as follows: 
(assume t h e  source i s  i n  open pos i t ion)  
The mounting 
The source housing 
The t i n  spr ing  r e t a i n e r  ( i t e m  19) m e l t s  a t  449°F.. This  
releases the  spr ing  ( i t e m  22) which d r ives  the  s h i e l d  housing via 
the  p in  ( i t e m  10) i n t o  t h e  c losed  pos i t i on .  
A t  620°F t h e  l ead  r e t a i n e r  ( i t e m  49) m e l t s  and allows 
the  p o s i t i v e  arm locks ( i t e m  33) t o  be  wedged i n t o  t h e  mounting 
p l a t e .  This secures  t h e  housing i n  t h e  closed pos i t i on  during 
t h e  f ire.  A t  t h i s  same temperature, t h e  tungsten s h i e l d  ( i t e m  
39) i s  spr ing  driven ( i t e m  42) i n t o  t h e  bear ing blocks (3060514.). 
These p a r t s  are so lder  coated and they w i l l  be fused together  
during cooling. The t h r e e  func t iona l  spr ings are so constructed 
t h a t  they w i l l  r e t a i n  a s u f f i c i e n t  amount of temper t o  satis- 
f a c t o r i l y  operate  a t  620°F. 
Detect o r  Assembly 
General Requirements. The requirements of t h e  de t ec to r  
assembly of t he  atmosphere dens i ty  sensor a r e  t h a t  i t  i s  s e n s i t i v e  
t o  100 Kev gamma rad ia t ion ,  t h a t  i t  be s t ab le ,  and t h a t  i t  be 
i n s e n s i t i v e  t o  adverse environments. The de tec to r  must present  
a l a r g e  area s ince  t h e  bas i c  s e n s i t i v i t y  scale f ac to r ,  which 
determines the  o v e r a l l  s e n s i t i v i t y  of t h e  instrument, i s  based 
upon t h e  maximum counting rate. 
t o r  f o r  a corresponding source s ize ,  t he  more s e n s i t i v e  t h e  u n i t  
w i l l  be. The d e t e c t o r  assembly must be  rugged enough t o  with- 
s tand t h e  environments assoc ia ted  with t h e  veh ic l e  launch and the  
temperature extremes experienced during a s t e r i l i z a t i o n  cycle.  
The u n i t  a l s o  must be  of small s i z e  and l i g h t  weight. 
The l a r g e r  the  area of t h e  d e e c -  
Several  types of r ad ia t ion  d e t e c t o r s  can be considered 
f o r  t h i s  appl ica t ion .  These include t h e  s o l i d  state detector ,  
Geiger MueIler tubes, p ropor t iona l  counters,  and s c i n t i l l a t i o n  
de tec tors .  The s c i n t i l l a t i o n  de tec to r  w a s  chosen f o r  t h i s  appl i -  
ca t ion  f o r  i t s  a v a i l a b i l i t y  wi th  l a r g e  s e n s i t i v e  areas ,  high 
e f f ic iency ,  good s e n s i t i v i t y  t o  100 Kev gammas, and proven 
a b i l i t y  f o r  use  i n  app l i ca t ions  such as t h i s .  
Common c r y s t a l  materials a v a i l a b l e  f o r  u se  i n  a s c i n t i l -  
l a t i o n  de tec to r  include tha l l ium a c t i v a t e d  sod3um iodide,  thal l ium 
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a c t i v a t e d  cesium iodide  and sodium a c t i v a t e d  cesium iodide.  
Table 111 shows the  var ious p rope r t i e s  of these  th ree  c r y s t a l  
materials. Thallium a c t i v a t e d  sodium iodide  i s  the  material 
which i s  t y p i c a l l y  used f o r  s c i n t i l l a t i o n  counting of gamma 
photons. However, sodium iodide i s  relatively f r a g i l e  and care 
must be taken i n  packaging such a c r y s t a l .  Sodium iodide  c r y s t a l s  
are a l s o  q u i t e  s e n s i t i v e  t o  thermal shock. C e s i u m  iodide c r y s t a l s  
on the  o the r  hand are  very rugged. They can s tand extreme shocks 
and rap id  temperature changes. The l i g h t  output from a cesium 
iodide c r y s t a l ,  as seen i n  Table 111, i s  less than that  of sodium 
iodide.  Also, t he  pu l se  decay t i m e  i s  s i g n i f i c a n t l y  longer. 
This tends t o  l i m i t  t he  high count rate response of such a de tec tor .  
A more recent ly  developed c r y s t a l ,  which seems t o  have 
the  des i red  p r o p e r t i e s  of both of t he  two c r y s t a l s ,  i s  sodium 
a c t i v a t e d  cesium iodide .  This  c r y s t a l  material i s  rugged, w i l l  
withstand severe shocks, both thermal and mechanical, and has  
almost as high a l i g h t  output  as sodium iodide.  The pulsewidth 
i s  somewhat longer than sodium iodide  c r y s t a l ,  but  s t i l l  wi th in  
an acceptable  l i m i t .  
The s i z e  and shape of t h e  de t ec to r  c r y s t a l  are determined 
by packaging considerat ions.  
de t ec to r  area exposed as possible ,  l imi t ed  by t h e  weight and s i z e  
of t he  t o t a l  package. 
It i s  des i r ab le  t o  have as l a r g e  a 
A 2-inch diameter, t h i n  cyl indrical-shape w a s  s e l ec t ed  
f o r  t h i s  app l i ca t ion .  The 2-inch diameter gives  200 square 
inches of d e t e c t o r  sur face  area. The thickness  of t he  c r y s t a l  
i s  kept as s m a l l  as poss ib l e  such t h a t  t h e  s e n s i t i v i t y  o r  t h e  
exposed area t o  gammas coming d i r e c t l y  from the  source i s  mini- 
mized. Also, t h e  amount of sh ie ld ing  t h a t  i s  necessary t o  
a t t enua te  d i r e c t  transmission i s  minimized. The c r y s t a l  must 3e 
t h i c k  enough t o  t o t a l l y  absorb t h e  100 Kev gammas. The c r y s t a l  
thickness  may be determined from the  following equation f o r  90 




, absorpt ion c o e f f i c i e n t  of c rys ta l  cmL 
gm f o r  100 Kev gammas 
p = 1.5 -
= 3.67 E3 , densi ty  of c r y s t a l  
c m  
t = thickness  of c rys t a l  t o  provide 90 percent  
ab sorp t ion  
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TABLE I11 - Crys ta l  P rope r t i e s  
S c i n t i l l a t o r  N a I (  T1) C S I  (Tl)  C s I  (Na)  
Density gm/cm 3.67 4.. 51 4.5 3 
Wave Length,of 
Emission A 43 100 4., 100 4,100 
Refract ive Index 1 . 7  1.79 1.79 
Light  Output Related 
t o  C s I ( T 1 )  2.0 1 .0  2.0 
Hygroscopic Yes No S l i g h t l y  
Decay Time,  psec 0.25 >1 1 .0  
Absorption 
Coeff ic ient :  
100 Kev gammas 




Ref lec t ive  M a e  r i a l  
C r y s t a l  






FIGURE 7 - Detector Configuration 


















FIGURE 8 - Block Diagram, Automatic Gain Control 
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Solving f o r  t gives a minimum required thickness  of 0.42 cm. 
Thus, t h e  se l ec t ed  thickness  of 0.25 inch i s  adequate t o  absorb 
the  100 Kev gammas. 
photo cathode. The 2-inch area output from the  c r y s t a l  must be 
reduced via an o p t i c a l  coupling t o  a 1-inch diameter face  mating 
with t h e  photomult ipl ier  tube. A quar tz  g l a s s  material i s  used 
t o  provide t h i s  o p t i c a l  coupling. A s  i l l u s t r a t e d  i n  Figure 7, 
t he  o p t i c a l  coupling i s  seen t o  be a t runcated cone wi th  a 4,5" 
slope. The c r y s t a l  manufacturers recommend t h i s  as t h e  optimum 
geometry f o r  maximum l i g h t  co l l ec t ion .  The e n t i r e  c r y s t a l  assembly 
i s  sea led  i n  a s t a i n l e s s  steel container .  A r e f l e c t i v e  ma te r i a l  
surrounds t h e  c r y s t a l  t o  enhance the  l i g h t  r e f l e c t i o n .  
The photomult ipl ier  tube chosen has  a 1-inch diameter 
This c r y s t a l  assembly i s  mated t o  the  photomult ipl ier  
tube h igh  vol tage  power supply combination. Several photomul- 
t i p l i e r  tubes w e r e  i nves t iga t ed  f o r  t h i s  appl ica t ion .  The 
photomult ipl ierotube must have an S11 photo cathode i n  order  t o  
match t h e  4.100 A s p e c t r a l  output c h a r a c t e r i s t i c s  of t h e  s c i n t i l -  
l a t i o n  material. A 14-dynode venetion b l i n d  type dynode s t r u c t u r e  
tube w a s  s e l ec t ed  f o r  i t s  ruggedness and s m a l l  s i ze .  The p a r t i c -  
u l a r  tube w a s  s e l e c t e d  pr imar i ly  because of i t s  s t a b i l i t y  af ter  
s t e r i l i z a t i o n  cycl ing.  A s p e c i a l  photocathode ma te r i a l  w a s  
developed i n  a program sponsored by t h e  Jet Propulsion Laboratory. 
This work i s  discussed i n  reference 9.  The c h a r a c t e r i s t i c s  of 
t h i s  photomult ipl ier  tube are shown i n  Table I V .  
m u l t i p l i e r  tube must be small i n  s i z e  and l i g h t  i n  weight. The 
most c r i t i c a l  po r t ion  of t h e  environment f o r  t h i s  photomult ipl ier  
tube assembly i s  the  a b i l i t y  t o  contain the  2,000 t o  3,000 v o l t s  
of high vol tage  i n  the  vacuum environment without leakage o r  
corona. The optimum method of providing t h i s  corona pro tec t ion ,  
and y e t  maintain a package of s m a l l  s i z e  and weight, i s  t o  i n t e r -  
na l ly  package t h e  high vol tage  power supply and photomult ipl ier  
tube. The e n t i r e  assembly can thus ,be sealed,  providing complete 
p ro tec t ion  from t h e  vacuum environment. 
required t o  d r ive  t h e  in t eg ra t ed  pho toe lec t r i c  assembly. 
The high vol tage  power supply required t o  power t h i s  photo- 
Only low vol tage  i s  
Automatic Gain Control. Typical de t ec to r  assemblies are 
noted f o r  t h e i r  l ack  0% long term s t a b i l i t y  through r i g o r s  of 
environmental change. One p a r t i c u l a r l y  severe environment i s  
t h a t  of s t e r i l i z a t i o n .  The long per iods  of high temperature soak 
tend t o  change t h e  photocathode output and ove ra l l  photomult ipl ier  
tube gain.  Also, during a s ix  month per iod  i n  t r a n s i t ,  t h e  photo- 
m u l t i p l i e r  tube and power supply may tend t o  change t h e i r  operat ing 
c h a r a c t e r i s t i c s  i n  terms of gain.  During reentry,  changing envi- 
ronment a l s o  causes s h i f t s  i n  the  de t ec to r  response. I n  order  t o  
compensate f o r  t hese  gain changes, some type of automatic ga in  
con t ro l  (AGC) i s  required.  
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TABLE I V  - Photomult ipl ier  Tube Charac te r i s t i c s  
Quantum Eff ic iency a t  4100 A 
Cathode Luminance S e n s i t i v i t y  
Voltage Required f o r  l o 6  Current 
Dark Current a t  10 cu r ren t  
Pulse  Height Resolution (FW HM) f o r  
Amplification 
Amplification 





Number of Dynodes 
Effective Cathode D i a m e t e r  
21.5% 
7 2 . 0  yamps/lm 
2950 v o l t s  
amp s -11 2.5 x 10 
8% 
100 g, 11 m s  
30g, 20-300 CPS 




Several methods of AGC were s tudied i n  t h i s  program and 
are discussed i n  Appendix A.  
employed i s  t o  p lace  a small reference source near  t h e  de tec tor  
and monitor the  r e s u l t a n t  de tec tor  output.  The de tec tor  gain 
i s  then cont ro l led  t o  maintain the  output  pulse  height  constant  
from t h i s  reference.  Some of t he  important requirements f o r  tb 
AGC are: the  reference source must have a long h a l f - l i f e ;  t h e  
reference source pulse  height  must t r a c k  the  s igna l  pulse  height ;  
and the  reference source must not  cont r ibu te  s ign i f i can t ly  t o  
the  background noise  level i n  t h e  s igna l  energy region. 
The method of gain s t a b i l i z a t i o n  
A number of poss ib le  sources and s c i n t i l l a t i o n  de tec tors  
w e r e  considered f o r  t h i s  automatic gain cont ro l  technique. 
Some of the  sources considered w e r e  Americium 241, a lphas;  Amer-  
icium 24.1, 60 E Kev gammas; Barium 133, 335 Kev gammas; and 
Gadolinium 153, 100 Kev gammas. The s igna l  i n  a l l  cases  i s  the  
Gadolinium 153, 100 Kev gammas, as backscat tered by the  atmosphere. 
The de tec tor  c r y s t a l s  considered w e r e  thal l ium ac t iva t ed  cesium 
iodide,  or  combinations thereof .  
The combinations of s c i n t i l l a t o r s  and AGC are i l l u s t r a t e d  
i n  Table V, wi th  t h e i r  var ious advantages and disadvantages l i s t e d .  
The method se lec ted  f o r  appl ica t ion  i n  the  f i r s t  phase i s  Method 
5, which employs the  sodium ac t iva t ed  cesium iodide c r y s t a l  and 
the  355 gammas from a barium 133 gammas source. 
shu t t e r .  The u n i t  i s  simple, rugged, and not  temperature sen- 
s i t ive.  The disadvantage of t he  method i s  t h a t  t he re  w i l l  be a 
s m a l l  noise  cont r ibu t ion  i n  the  region of s ignal .  For the  phase 
I1 a cesium iodide c r y s t a l  and an americium 24.1 source w a s  used 
because of the  in t e r f e rence  t h a t  w a s  observed from the  barium 
source during the  t e s t i n g  of t he  Phase I system. The i n t e r f e r -  
ence observed during temperature w a s  g rea t e r  than could be t o l e r -  
a ted.  The temperature compensation required by using americium 
241 with a cesium iodide c r y s t a l  were made i n  the  e l ec t ron ic s .  
There i s  no 
The operat ion of t he  AGC i s  i l l u s t r a t e d  i n  the  block dia-  
gram Figure 8. The operat ion i s  e s s e n t i a l l y  t he  same f o r  both 
phase I and phase 11. The 355 Kev gammas from the  Barium 133 
entered the  s c i n t i l l a t i o n  c r y s t a l  and r e s u l t  i n  output pulses  
following the  spectrum shown. There i s  the  f a i r l y  b r a d  photo 
peak and extensive Compton continuum. These pulses  out of the  
de tec tor  are amplif ied and are fed  i n t o  a s ingle  level pulse- 
height  discr iminator .  Those pulses  of amplitude g rea t e r  than 
the  reference l e v e l  are passed and those lower than t h e  reference 
l e v e l  are re jec ted .  The pulses  t h a t  are passed are in tegra ted  
and compared with a reference such t h a t  the output of t he  i n t e -  
grabr i s  equal t o  the  i n t e g r a l  of t he  d i f fe rence  between the  
reference level and the  AGC count rate. The output of t h i s  i n t e -  
gxatm then dr ives  the  gain cont ro l  input  t o  the photomult ipl ier  
tube high vol tage power supply. This  gain input  cont ro ls  the  
high vol tage output of the  supply, thereby increasing and decreas- 
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detec tor  gain i s  lower than i t s  desired value, the pulses  out 
of t he  de tec tor  from the AGC reference source are lower i n  
amplitude. Therefore, fewer of them pass  through t h e  l e v e l  
discr iminator  t o  d r ive  the in t eg ra to r .  The countrate  i s  thus 
lower than the AGC reference and the  i n t e g r a t o r  output  thus 
increases .  A s  the  in t eg ra to r  output  increases ,  the high vol- 
tage power supply output increases ,  causing the  photomult ipl ier  
tube gain t o  increase,  thuse causing t h e  AGC reference pulses  
t o  inc rease  i n  amplitude u n t i l  they reach an amplitude such t h a t  
the  count ra tepass ing  through the  level discr iminator  i s  equal 
t o  the  des i red  count mte as  es tab l i shed  by the  gain reference.  
Referr ing t o  the  AGC count rate spectrum (Figure 8), 
i t  can be seen t h a t  a l a rge  percentage of the AGC countrate  i s  
included i n  the  s igna l  window. Therefore, a very low AGC count 
rate i s  required.  A l s o ,  a very long averaging t i m e  i s  required 
i n  order  t o  minimize the  s t a t i s t i c a l  f l uc tua t ion  of a low count 
ra te  average. It i s  desired t o  keep the  noise  cont r ibu t ion  
below 30 pulses  p e r  second. With a 60 pu l se  p e r  second count 
rate, a very long averaging t i m e  i s  f i n e  f o r  s t a b i l i z i n g  long 
term d r i f t s  of the  photomult ipl ier  tubes such as  encountered 
i n  a recovery from s t e r i l i z a t i o n  cycl ing and a long t r a n s i e n t  
t o  a planet ,  bu t  would not  co r rec t  f o r  rapid changes t h a t  might 
be encountered during atmospheric entry.  Therefore, the de tec tor  
and e l e c t r o n i c s  must be inherent ly  s t a b l e  over short  term changes. 
Electronics  Assembly 
Signal  Conditioning Electronics .  The s igna l  condi- 
t ion ing  e l ec t ron ic s  i s  i l l u s t r a t e d  i n  block diagram, Figure 9, 
and the  schematic drawing, Figure 10. 
The gamma rays  emit ted by t h e  source are absorbed by 
the  s c i n t i l l a t o r .  The r e s u l t i n g  l i g h t  photons are t ransmit ted 
t o  the PM tube and are converted i n t o  e l e c t r i c a l  pulses .  
output of the  PM tube i s  amplified and fed  t o  the  AGC and window 
discr iminator .  
goes t o  conversion e l ec t ron ic s  which transform the  pulse  da ta  
i n t o  a dc analog s igna l  and a pulse  delay s igna l .  
The 
The output  pulse  of the  window -discr iminator  
To s t a b i l i z e  the  gain of t h e  PM tube, an AGC i s  used. 
The AGC uses  as reference a c a l i b r a t i o n  source output .  A s ing le  
level discr iminator  s p l i t s  the  c a l i b r a t i o n  source spectrum i n  
h a l f .  I f  the gain changes, the  c a l i b r a t i o n  peak s h i f t s  and the  
number of counts seen by the  s ing le  l e v e l  discr iminator  changes. 
The AGC c i r c u i t  senses t h i s  change and a d j u s t s  the  PM tube high 
vol tage power supply t o  a new high vol tage  and a d j u s t s  t o  keep 
t h e  gain constant .  
The preamplif ier  cons i s t s  of  a high 
gain dc amp * 1 i e r  pA 2 with appropriate  input  impedance and 
feedback r e s i s t ance  t o  cont ro l  t h e  gain and the  l i n e a r i t y  of 
the  s igna l .  
36 






I] + 9 
8 
E 
cn n W cn 
H cn z 
W 








37 / (38  blank)  
The emitter follower i s  necessary t o  minimize the  
i n s t a b i l i t y  due t o  the  i n t e r s t a g e  loading e f f e c t ,  and gives  a 
low source impedance t o  dr ive  t h e  window discr iminator  and ACE 
c i r c u i t  , 
Discriminator.  The window discr iminator ,  as shown i n  
Figure 9, cons i s t s  o f  two in tegra ted  level de tec tors  (pA710), 
two pulse  reformation c i r c u i t s  (SE-160), and a NAND Gate (701) 
which provide the ant icoincidence necessary t o  obta in  the win- 
dow. 
A reference vol tage i s  in se r t ed  a t  the  inver t ing  inpuz. 
The p o s i t i v e  input  pulses  are appl ied a t  t h e  non-inverting in -  
put, i f :  
'in VRef Vo i s  zero 
'in > VRef Vo i s  p o s i t i v e  
The t r a i l i n g  edge of t he  output of the  UL and LL compar- 
a t o r s  i s  used t o  t r i g g e r  t he  monostable mul t iv ibra tors  (SE 160). 
The s igna l s  from the  two comparators do not occur a t  
the  same t i m e .  
form delays the  input  of the  ant icoincidence c i r c u i t .  
i f  the  s igna l  from the  lower comparator i s  not  accomplished by 
one from the  upper comparator, 
The t r a i l i n g  edge of the  lower comparator wave- 
The ant icoincidence c i r c u i t  produces an output  s ignal  
The NAND l og ic  i s  expressed as: 
A . 3  = C 
where: 
A = low level s igna l  e x i s t s  
B = high level s igna l  does not  e x i s t  
C = output s igna l  e x i s t s  
Figure 11 shows the  log ic  pulse  formation on the  window d i s -  
cr iminator .  
Automatic Gain Control (AGC). A s ing le  level comparator 
de t ec t s  t he  v a r i a t i o n s  i n  the  system ga in  and app l i e s  a correc-  
t i o n  s igna l  t o  the  high vol tage  power supply. 
gain of t he  system t o  r e tu rn  back t o  the  o r i g i n a l  value.  
This causes the  
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4.2 
Gain v a r i a t i o n s  a r e  detected by the high speed comparator 
(rJA710). A monostable mul t iv ib ra to r  (SE-160) shapes t h e  pulse  
and the  i n t e g r a t o r  (709) provides a feedback vol tage  t o  con t ro l  
t he  high vol tage  power supply. 
Gain reference vol tage  and b i a s  reference adjustments are 
used t o  e s t a b l i s h  what po in t  on t h e  c a l i b r a t i o n  spectrum the  sys- 
t e m  w i l l  operate .  
Analog Output. The output  required of the sensor i s  a 
0-5 v o l t  s igna l  t o  drive a t e l e m e t r y  system. I n  order  t o  minimize 
t h e  e r r o r  induced by t h e  telemetry system, a s c a l e  change i s  neces- 
sary.  
t o  t he  piklse count mte from the  s igna l  condi t ioning e l ec t ron ic s .  
Obviously a t  very low pulse  r a t e s ,  i t  would be a very low dc sig- 
na l .  For a l i n e a r  0-5 v o l t  output, equivalent  t o  a 0 t o  4.0,OOO 
pulses  pe r  second f u l l  scale range, t h e  minimum 100 pu l se  per  
second s i g n a l  would appear as a 12.5 m i l l i v o l t  output s igna l .  
Typical t e l e m e t r y  systems have a 1% e r r o r  band which i s  equivalent  
t o  50 m i l l i v o l t s  i n  a 0-5 v o l t  system. Obviously, t he  12.5 m i l l i -  
v o l t  s i g n a l  would be l o s t  i n  t h i s  50 m i l l i v o l t  e r r o r  band. Thus, 
s c a l e  changing i s  required.  Various methods of scale changing 
w e r e  s tud ied  i n  t h i s  program. The majori ty  of them requi res  the 
switching of ampl i f i e r  gains  a s  a funct ion of  s e l ec t ed  count rates, 
o r  providing d u a l  outputs,  one f o r  high level outputs  and one f o r  
l o w  level outputs .  A l l  of these  methods add t o  t h e  complexity 
of t h e  o v e r a l l  system. 
The output  vo l t age  nominally would be a dc level proport ional  
The approach f i n a l l y  se lec ted  i s  t o  provide a s i n g l e  out- 
put, bu t  w i th  a two s lope scale arrangement. This  scale change 
i s  i l l u s t r a t e d  i n  Figure 22. The 0-2.5 v o l t  output i s  the  equiv- 
a l e n t  t o  a 0 t o  2,500 pulses  per  second s igna l .  Then the 2.5 t o  
5 v o l t  output range provides information proport ional  t o  the 
2,500 t o  40,000 pulses  per  second count -rate. This shaped dc out- 
p u t  i s  provided as follows: 
Frequency t o  DC Converter. The output  frequency of t h e  
window discr imina tor  i s  shaped and inver ted  t o  monostable SE-160 
(Figure 9 ) .  This  output i s  then averaged and amplified.  The 
output of t he  ampl i f i e r  i s  then inver ted  by t h e  vol tage  i n v e r t e r  
(709) and used t o  produce an analog s igna l  output.  
The gain of  t h e  frequency t o  dc converter  i s  con t ro l l ed  
by a sharp active l i m i t e r .  The l i m i t e r  determines the  optimum 
count ra te  a t  which t o  a f f e c t  the  automatic scale change and select 
t h e  proper gain of t h e  output ampl i f ie r .  
D i g i t a l  Output. An inves t iga t ion  w a s  performed d i r ec t ed  
toward providing a d i g i t d  output from t h e  sensor.  This appears 
des i r ab le  s ince  t h e  i n f o m a t i o n  s t a r t e d  w i t h  i s  d i g i t a l  i n  format 
as pulses  o r  pu lse  rate. This study showed t h a t  t h e  pulses  could 
be  d i r ec t ed  t o  counters,  s h i f t  r e g i s t e r s ,  etc.,  which could pro- 
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FIGURE 1 2  - Pulse to DC Converter Calibration 
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required f o r  d i g i t a l  s igna l  condi t ioning added t o  t h e  complexity 
of t h e  o v e r a l l  system. An inves t iga t ion  of e x i s t i n g  da ta  t rans-  
mission techniques f o r  p lane tary  probes showed t h a t  most o f t en  
a pulse  delay type output w a s  used. This w a s  due t o  l imi t ed  band- 
wiath and a l imi t ed  number of t e l e m e t r y  channels a v a i l a b l e  f o r  
such information. A pu lse  delay output i s  one i n  which an i n t e r -  
rogat ion pulse  i s  d i r e c t e d  t o  t h e  sensor and t h e  sensor generates  
an output pu l se  a t  some time i n t e r v a l  later.  This t i m e  i n t e r v a l  
i s  propor t iona l  t o  t h e  information des i red .  I n  o the r  words, a 
pulse  delay of 1 second could be equivalent  t o  an input  s i g n a l  
of 1 v o l t ,  o r  a count rate of 1,000 pulses  per  second. The con- 
vers ion  from a pulse  rate i n  counts per  second t o  t h e  pulse  delay 
information i s  most e a s i l y  done by converting count mte t o  an 
analog s i g n a l  and then converting from analog t o  pu l se  delay. 
This requi res  less e l e c t r o n i c s  than performing t h e  e n t i r e  funct ion 
i n  a d i g i t a l  fashion.  
Pulse  Delay Converter. The pulse  delay (refer t o  Figure 9) 
output i s  generated i n  the  following manner. The c o n t r o l l e r  
i n i t i a t e s  a read command pulse .  The leading  edge of the  command 
pu l se  t r i g g e r s  t he  one-shot mul t iv ibra tor .  The output of t h e  one 
shot  con t ro l s  a g a t e  which a p p l i e s  a reference vol tage  t o  a l i n e a r  
i n t e g r a t o r .  
output are f e d  t o  a comparator which t u r n s  on when the l i n e a r  
i n t e g r a t o r  output i s  s l i g h t l y  g r e a t e r  than t h e  analog output.  
The comparator output  i s  d i f f e r e n t i a t e d  t o  produce t h e  delay 
pulse .  The t i m e  delay of t h e  delay pulse  wi th  respec t  t o  t h e  
leading edge of t h e  telemetry read command s igna l  i s  d i r e c t l y  
proport ional  t o  the  analog output  as compared t o  the  l i n e a r  por- 
t i o n  of t h e  i n t e g r a t o r  output.  Figure 13 shows the  pulse  forma- 
t i o n  delays.  
The output of t he  l i n e a r  i n t e g r a t o r  and the  analog 
Packa i n  . The e l e c t r o n i c s  are packaged as shown i n  
Figure 1 ?-++ T e c i r c u i t  components are mounted on two p r i n t e d  
c i r c u i t  boards which a r e  mounted i n t o  t h e  e l e c t r o n i c s  chass i s  
v ia  s tandoffs .  The interconnect ion between the  two p r in t ed  c i r -  
c u i t  boards and connectors i s  provided by hard wiring. This 
r e s u l t s  i n  a low weight u n i t  that  can be e a s i l y  modified and 
reworked i n  a development program. 
Size,  Weight, aand Power Summary 
Table V I  summarizes the  s ize ,  weight, and power goa ls  
along wi th  those t h a t  w e r e  achieved by Phase I of t h i s  development. 
The s i z e  goa ls  were m e t  i n  a l l  cases. T k  weight goal  
w a s  missed by 6 ounces, p r imar i ly  due t o  an  overweight de t ec to r  
assembly. 
f e l t  t h a t  a s i g n i f i c a n t  weight reduction s t i l l  could be  e f f ec t ed  
i n  t h i s  area. The power summary shows t h a t  t h e  power goal  w a s  
achieved during normal operat ion of t h e  sensor. This  power does 
This  overweight de t ec to r  w a s  no t  a n t i c i p a t e d  and i t  i s  
T e1 erne t ry 
Read Command 
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not  include t h a t  required t o  operate  the  sh ie ld  motivating 
solenoids .  This add i t iona l  power w i l l  be ava i lab le  before  launch 
v i a  ex terna l  sources.  During the  background measurement period, 
ex terna l  power w i l l  not be ava i lab le .  
A l t e rna te  methods of operat ing t h i s  solenoid were con- 
sidered, but  they a l l  involve la tch ing  o r  motivating the  sh i e ld  
t o  a closed pos i t i on  and the  condi t ion could e x i s t  t h a t  i f  power 
w a s  l o s t  a t  t h a t  point  i n  t i m e ,  the  sh i e ld  could not be opened 
again.  This i s  unsa t i s fac tory  s ince such a f a i l u r e  would com- 
p l e t e l y  void the  mission. 
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RELIABILITY 
A complete r e l i a b i l i t y  ana lys i s  w a s  performed on t h i s  
sensor and i s  included i n  Appendix B. 
r e l i a b i l i t y  a n a l y s i s  are i l l u s t r a t e d  i n  Table V I I .  The sensor 
i s  divided i n t o  s i x  SUbaSSemblieS, t h e  f i r s t  being t h e  PM Tube 
and high vol tage  power supply; second, t h e  ampl i f ie r  and t h e  d is -  
cr iminator  e l e c t r o n i c s ;  t h i rd ,  t h e  AGC e l e c t r o n i c s ;  fourth,  t h e  
analog e l e c t r o n i c s ;  f i f t h ,  the  pulse  delay converter e l ec t ron ic s ;  
and s ix th ,  t he  low vol tage power supply. 
The r e s u l t s  of t h i s  
The sensor mission i s  divided i n t o  four  operat ing con- 
d i t i o n s ;  the launch period, t h e  t r a n s i t  period, the  o r b i t  period, 
and t h e  descent period. The app l i ca t ion  f a c t o r s  were then appl ied  
corresponding t o  sensor operat ion o r  non-operation, the environ- 
ment during these  var ious periods,  and a complete summary of t h e  
r e l i a b i l i t y  w a s  formed. The r e s u l t s  of t h i s  show a t o t a l  mission 
p robab i l i t y  of success of 89%. This p robab i l i t y  i s  almost com- 
p l e t e l y  contingent upon t h e  t r a n s i t  pe r iod  operat ing condi t ion.  
There i s  a 53,000 hour MTBF during t h i s  5,760 hour per iod.  I n  
reviewing the  var ious  cont r ibu tors ,  i t  i s  apparent t h a t  t h e  PM 
Tube high vol tage  power supply i s  the  element t h a t  i f  improved 
would r e s u l t  i n  t h e  most s i g n i f i c a n t  o v e r a l l  system improvement. 
Appendix B shows a l l  of thee lec t ronic  components, t h e i r  
values, t h e i r  p a r t  numbers, t h e  r e l i a b i l i t y  level, and qua l i fy ing  
document. I n  almost a l l  cases, t he  e l e c t r o n i c  components w e r e  
s e l ec t ed  from a JPL ZZP document which ca tegor izes  the  p a r t s  i n  
terms of t h e i r  a b i l i t y  t o  withstand t h e  s t e r i l i z a t i o n  environment 
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A study w a s  conducted t o  determine t h e  s t e r i l i z a t i o n  
s t a t u s  of t h e  Gamma Backscatter Atmosphere Density Sensor. 
Reference i s  made t o  the  R e l i a b i l i t y  Analysis, Appendix B, which 
includes a d e t a i l  l i s t i n g  of a l l  p a r t s  used i n  the  sensor design 
and t h e i r  q u a l i f i c a t i o n  s t a t u s .  Maximum use  i s  made of previ-  
ously q u a l i f i e d  p a r t s  appearing i n  JPL Spec i f ica t ion  ZPP-2010-SPL-D 
S t e r i l i z a t i o n  P a r t s  L i s t  f o r  Spacecraf t  Applicat ion dated 20 
October 1967 ( r e f .  8 ) .  
Referring t o  the  R e l i a b i l i t y  Analysis, t h e  Qual i f ica t icn  
Document i s  spec i f i ed  f o r  a l l  components. Those r e f e r r i n g  t o  
a Z F F  document i n d i c a t e  t h e i r  s e l e c t i o n  from the  JPL S t e r i l i z a -  
t i o n  P a r t s  L i s t .  
Other components are shown as being on the  QPL, i n d i c a t i n g  
q u a l i f i c a t i o n  t o  t h e  referenced MIL-Spec. The remaining compo- 
nents  have not  been qua l i f i ed ,  but  have been se l ec t ed  f o r  some 
unique opera t iona l  c h a r a c t e r i s t i c s .  
on the  JPL S t e r i l i z a t i o n  P a r t s  L i s t  f o r  Spacecraf t  Applicat ion 
and t h e  reason f o r  t h e i r  s e l ec t ion .  This l i s t  covers 30 of t he  
280 p a r t s  used. Thus, 89.3 percent  of t h e  p a r t s  are s t e r i l i z a t i o n  
proven. This l i s t  shows 14 generic  p a r t  types. In  most cases, 
a s i z e  c o n s t r a i n t  o r  p a r t i c u l a r  performance c h a r a c t e r i s t i c  made 
s e l e c t i o n  of t hese  from t h e  S t e r i l i z a t i o n  P a r t s  L i s t  impract ical .  
The following paragraphs descr ibe  t h e  approach recommended f o r  
t h e  remaining p a r t s .  
Table V I 1 1  summarizes t h e  e l e c t r o n i c  p a r t s  n o t  appearing 
PMT-HVPS Assembly 
The Photomult ipl ier  Tube-High Voltage Power Supply Assembly 
i s  a t o t a l l y  encapsulated u n i t .  The components used i n  t h i s  
assembly t h a t  have not  been t e s t e d  t o  t h e  s t e r i l i z a t i o n  environ- 
ment are a l l  similar t o  types that  have been subjected t o  t h e  
hea t  s t e r i l i z a t i o n  cycle.  By v i r t u e  of t h e  steel housing and 
encapsulents, t hese  e l e c t r o n i c  components w i l l  no t  be  subjected 
t o  the  decontamination agent.  It i s  recommended, therefore ,  
t h a t  t h e  e n t i r e  assembly be t e s t e d  t o  t h e  s t e r i l i z a t i o n  environ- 
ment r a t h e r  than t h e  ind iv idua l  components. 
Electronic  A s  semb l y  
The remaining p a r t s  c o n s i s t  of a capaci tor ,  two t r a n s i s t o r s ,  
The 
a diode, and a transformer.  The 2 pf capac i tor  can be  replaced 
by a 1 pf from ZlPP-2744-2508 wi th  a minor design change. 
2N1132 t r a n s i s t o r  i s  similar t o  t h e  2N2907A except t h a t  i t  i s  i n  
a TO-5 r a t h e r  than a TO-18 case. It i s  a n t i c i p a t e d  t h a t  a s u i t a b l e  
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TABLE V I 1 1  - E l e c t r o n i c  P a r t s  Not On JPL S t e r i l i z a t i o n  P a r t s  L i s t  
SECTION 
X 3  Amp & 
Windo 
D i s c r i m h a  t o r  
14, AGC 
A 5  Analog 
Conver te r  
h6 P u l s e  Delay 
Converter  
A7 Low Vol tage  
Power Supply 
DESCRIPTION 
COMPONENT 1 OR P/N I SPECIFICATION 
-. 
Capac i to r  
Capac i to r  
Transformer 
PMT 
. T r a n s i s t o r  MIL-S-19500 





Capac i to r  M MIL-C-27278 
T r a n s i s t o r  MK- S - 19  5 00 / 1 7  7 
T r a n s i s t o r  
f 
COMMENTS 
Micronox Fi lm - No e q u i v a l e n t  on S t e r i l i z a t i o n  P a r t s  L i s t  
s L i s t  1 
I 1  
11 I 1  11 11 I 1  11 I 1  11  I 1  11 
S p e c i a l  t o  t h i s  a p p l i c a t i o n  
S e l e c t e d  based on JPL S t e r i l i z a t i o n  t es t  resu l t s  - development 
c on t i n u  i n  g . 
S e l e c t e d  based  on u s e  h i s t o r y  i n  a p p l i c a t i o n  
S p e c i a l  h igh  v o l t a g e  d iode  - No e q u i v a l e n t  on S t e r i l i z a t i o n  P a r t s  
L i s t .  
A 1 1  p a r t s  from S t e r i l i z a t i o n  P a r t s  L i s t  
A l l  p a r t s  from S t e r i l i z a t i o n  P a r t s  L i s t  
A l l  p a r t s  from S t e r i l i z a t i o n  P a r t s  L i s t  
S i m i l a r  t o  ZPP-2744-2508 
Also used  i n  LVPS - S e l e c t e d  f o r  s p e c i a l  performance (Power and 
S i z e )  - No e q u i v a l e n t  on S t e r i l i z a t k n  P a r t s  L i s t .  
S e l e c t e d  f o r  s p e c i a l  performance (FET) - No e q u i v a l e n t  on 
S t e r i l i z a t i o n  P a r t s  L i s t .  
S e l e c t e d  f o r  s p e c i a l  performance (High Speed)  - No e q u i v a l e n t  on 
S t e r i l i z a t i o n  P a r t s  L i s t .  
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PNP s i l i c o n  t r a n s i s t o r  i n  a TO-5 case w i l l  become ava i l ab le  as  
the JPL s t e r i l i z a t i o n  tes t  program continues.  The MEM550 i s  a 
MOS-FET used f o r  switching. This device i s  gaining wide appl i -  
ca t ion  and i t  i s  an t i c ipa t ed  t h a t  an equivalent  device w i l l  
become ava i l ab le  as the JPL s t e r i l i z a t i o n  test  program continues.  
Both the  above t r a n s i s t o r s  can be  s tored  a t  135°C and are hermet- 
i c a l l y  sealed.  The 1N494.2 diode i s  se lec ted  f o r  i t s  high speed. 
It i s  packaged i n  a g l a s s  subminiature case s i z e  similar t o  the  
1N916 (ZPP-2746-3001) and can be s tored  a t  135°C. It i s  an t i c ip -  
a ted  t h a t  t h i s  diode or one of equivalent  c h a r a c t e r i s t i c s  w i l l  
be added t o  t he  S t e r i l i z a t i o n  Parts L i s t  as the  s t e r i l i z a t i o n  
program continues.  The transformer i s  a to ro ida l  type capable 
of being manufactured by an approved vendor i n  accordance with 
JPL Spec i f ica t ion  ZPP-2737-1300. 
included on the  S t e r i l i z a t i o n  Parts L i s t .  
S i m i l a r  transformers are 
It i s  f e l t  t h a t  spec ia l  t e s t i n g  of the  above devices i s  ’ 
unnecessary s ince equivalents  w i l l  become ava i l ab le  as e x i s t i n g  
s t e r i l i z a t i o n  programs continue and s u f f i c i e n t  confidence i n  
t h e i r  s u i t a b i l i t y  i s  already es tab l i shed  based upon s i m i l a r i t y .  
WORKING MODEL 
The working model w a s  assembled and t e s t e d  t o  verify 
the  design described previously.  
the  s ize ,  weight, and power goals  of t h i s  program and v e r i f i e d  
performance through l imi ted  environmental t e s t i n g  and operat ion 
i n  t h e  a l t i t u d e  sphere t o  simulate the  a c t u a l  measurement of 
densi ty .  The working model i s  shown i n  photographs i n  Figures  
15, 16, and 17 .  
This  working model v e r i f i e d  
Before t h i s  working model w a s  assembled, a de t ec to r  and 
i t s  e l ec t ron ic s  w e r e  breadboarded and t e s t ed .  Problems were 
encountered with temperature s h i f t s  of the  AGC. This  f i r s t  AGC 
method u t i l i z e d  alpha p a r t i c l e s  from an Americium 2 4 1  source as 
reference and a sodium iodide c r y s t a l  detectar. The problem 
encountered w a s  t h a t  as the  temperature of the  c r y s t a l  changed, 
the  de tec tor  response t o  alpha p a r t i c l e s  d id  not t r ack  the  
response t o  gamma photons. The AGC w a s  designed t o  accurately 
con t ro l  t he  pulse  height  of the alpha p a r t i c l e s ,  bu t  through 
temperature the  relative height  of the  backscat tered gammas 
would change. This produced s i g n i f i c a n t l y  l a r g e  e r r o r s  i n  t he  
gamma output.  This e f f e c t  w a s  a l s o  v e r i f i e d  using the  sodium 
ac t iva t ed  cesium iodide c r y s t a l  and thal l ium ac t iva t ed  cesium 
iodide c r y s t a l .  
Reference Source pulse  height  t o  t rack  the  backscat tered gamma 
rad ia t ion  pulse  height  w a s  t o  use  gammas as the reference source. 
The 350 Kev gamma of cesium 135 w a s  selected.  The disadvantage 
of a cesium 137 gamma source as  a reference w a s  t h a t t h e  Compton 
continuum from t h i s  higher energy gamma p l u s  the  80 Kev gamma 
would produce a s i g n i f i c a n t  background i n  the  region of back- 
sca t t e red  gamma rad ia t ion .  In  order  t o  minimize t h i s  background, 
the  AGC source s t rength  had t o  b e  made as small as possible ,  
shielding added, and the AGC made t o  operate  on as few counts 
p e r  second as possible .  
It became evident  t h a t  one means of ge t t i ng  the  AGC 
In  t h i s  regard, a very s m a l l  cesium 137 source w a s  placed 
aga ins t  t he  c r y s t a l  assembly and the  output spectrum measured. 
Lead shielding w a s  introduced between the  source and the  de tec tor  
i n  t h i n  layers. The shielding f i r s t  a t tenuated the  cesium 137 
low energy gammas. Shielding w a s  added u n t i l  the  80 Kev gammas 
w e r e  t o t a l l y  absorbed and the  r a t i o  of AGC source t o  background 
noise  reached a constant  r a t i o .  I n  t h i s  way, the  thickness  of 
sh ie ld ing  required w a s  determined. 
p r i m a r i l y  of t h e  Compton continuum from the  355 Kev gammas. 
The e l ec t ron ic s  breadboard w a s  inves t iga ted  and tempera- 
t u r e  t e s t ed .  Several improvements w e r e  made through t h i s  program 
i n  order  t o  arrive a t  an e l ec t ron ic s  design f o r  minimum power, 
p a r t i c u l a r l y  i n  the  area of power supply, eff ic iency,  and t rans-  
former design. 
The background then consis ted 
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56 FIGURE 15 - Source Assembly 
FIGURE 16  - Detector Assembly 57 
58 FIGURE 17 - Electronics Assembly 
After  breadboard t e s t i n g  w a s  completed, t he  assembly of 
the  working model w a s  begun. The source mechanism w a s  f ab r i -  
cated from the o r i g i n a l  design drawings and a few problems w e r e  
encountered. Most of these problems w e r e  minor i n  nature  and 
so lu t ions  e f f ec t ed  with ease. One problem, however, became q u i t e  
s ign i f i can t .  This  w a s  i n  regard t o  the  spr ings which are used 
t o  force  t h e  sh i e ld  assembly closed i n  the  event of a f i r e  o r  
launch pad explosion. It w a s  found t h a t  spr ings could not be 
obtained which would r e t a i n  t h e i r  temper and provide a pos i t i ve  
r e tu rn  force  a t  high temperature within space t h a t  w a s  ava i l ab le  
f o r  them i n  the  o r i g i n a l  design. 
s ince  it would requi re  a complete re fabr ica t ion  of t h e  assembly 
with an increased ove ra l l  l ength  dimension t o  a l l o w  a s l i g h t l y  
longer spr ing t o  be used f o r  t h i s  purpose. A l l  o ther  funct ions 
of the  source assembly proved the  proper design. 
This  problem w a s  l e f t  unresolved 
The working model e l ec t ron ic s  w a s  assembled without 
problem. The de tec to r  assembly, although plagued by delays i n  
del ivery of the  photomult ipl ier  tube assembly, w a s  f i n a l l y  
assembled by the  c r y s t a l  manufacturer who used a proprietary 
o p t i c a l  coupling material t o  a t t a c h  the  c r y s t a l  assembly t o  the  
photomult ipl ier  tube assembly. Upon completion of t h i s ,  a l l  
the  p a r t s  of t he  working model w e r e  i n t eg ra t ed  i n t o  a u n i t  and 
a series of ca l ibra t ionsrand  tests performed. 
The source assembly w a s  t e s t ed  through temperature and 
vacuum environments. The u n i t  w a s  soaked a t  -50" and +lOO°C and 
operated a t  those temperature extremes without problem. The u n i t  
w a s  put  i n  a vacuum chamber and soaked i n  a vacuum and operated 
with no problem. The source material  w a s  received from the  manu- 
f a c t u r e r  and found t o  f i t  the  source mechanism without problem. 
This source assembly, with a 1 c u r i e  source and a 5 c u r i e  source 
i n s t a l l e d ,  w a s  mapped i n  the  open and closed posi t ions,  providing 
the  r ad ia t ion  p a t t e r n s  f o r  determination of t h e  adequacy of 
shielding and col l imat ion.  
In t eg ra t ion  of the  working model de tec tor  with i t s  elec-  
t r o n i c s  uncovered one p a r t i c u l a r l y  severe problem. The sodium 
ac t iva t ed  cesium iodide c rys ta l  had a c h a r a c t e r i s t i c  t h a t  w a s  
no t  an t i c ipa t ed  i n  t h e  e l ec t ron ic s  design, t h i s  being a longer 
than an t i c ipa t ed  decay per iod.  A change i n  the  discr iminator  
pulsewidth w a s  required t o  insure  blanking of t he  low l e v e l  pulse  
by the  high level pulse .  Also, some d i f f e r e n t i a t i o n  c i r c u i t r y  
w a s  added t o  the  output of t he  de tec tor  t o  shorten the  pulses .  
achieve very low A G C ~ c c x m t  rates and very low background. The 
f i n a l  sensor operated a t  an AGC pulse  rate of approximately 50 
pulses  per  second. Working with t h i s  low count rates required 
working with a very low level s igna l  i n  the  AGC loop, and zero 
o f f s e t s  of t h e  one-shot pulse  generator  and i t s  v a r i a t i o n  wi th  
I n  c a l i b r a t i n g  the  AGC c i r c u i t r y ,  a t tempts  w e r e  made t o  
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a very low l e v e l  s i g n a l  i n  t h e  AGC loop, and zero o f f s e t s  of 
the  one-shot p u l s e  generator  and i t s  v a r i a t i o n  wi th  temperature 
became s i g n i f i c a n t .  A following t r a n s i s t o r  s t age  was added with 
low o f f s e t s  t o  minimize t h e  d r i f t  of t h e  AGC with temperature. 
Also, with t h e  low count rate,  a  long averaging time i s  requi red  
i n  order  t o  minimize t h e  random f l u c t u a t i o n  of the  AGC. This  
was accomplished by reducing t h e  loop ga in  of t h e  AGC loop t o  
provide the  des i red  slow response. This  c rea ted  a  turn-on pmb- 
la i n  t h a t  a  long time was required from i n i t i a l  turn-on t o  
f i n a l  es tabl ishment  of t h e  des i red  AGC l e v e l .  In  order  t o  
shorten t h i s  turn-on time, an i n i t i a l  o f f s e t  t o  t h e  AGC c o n t r o l  
vo l t age  was added s o  t h a t  i t  was much c l o s e r  t o  i t s  f i n a l  s t a t e  
a t  turn-  on. 
Some modif icat ion of t h e  d r ive  c a p a b i l i t i e s  of t h e  out- 
p u t  c i r c u i t s  was required t o  i n s u r e  adequate operat ion with 
long cables  i n  the  a l t i t u d e  sphere.  
During t h i s  per iod  of system in tegra t ion ,  a  s e r i e s  of 
temperature t e s t s  were performed on t h e  d e t e c t o r  and i t s  e lec-  
t r o n i c s .  Temperature d r i f t s  w e r e  seen i n  t h e s e  t e s t s  and 
impro-vements were e f fec ted .  A t  t h e  conclusion of t h i s  t e s t  
program, the  u n i t  showed s l i g h t  d r i f t ,  bu t  i t  was f e l t  accep- 
t a b l e  s i n c e  it  could be seen by v a r i a t i o n s  i n  the  AGC count ra te  
and thus,  i f  necessary, compensation could be provided. 
The d e t e c t o r  and t h e  e l e c t r o n i c s  were subjected t o  a  
vacuum t e s t  and performed s a t i s f a c t o r i l y .  
The c a l i b r a t i o n  of t h e  d i sc r imina to r  l e v e l s  was es tab-  
l i s h e d  by measuring t h e  backsca t te r  spectrum from t h e  100 Kev, 
l and 5 c u r i e  sources, and s e t t i n g  t h e  window l e v e l s  t o  encom- 
pass  t h i s  peak. The backsca t t e r  spectrum and t h e  r e l a t i v e  


















FIGURE 18 - Backscatter Pulse Height Spectrum 
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DEMONSTRATION TESTING 
The working model, along with a test box and a simulated 
veh ic l e  s t ruc tu re ,  w e r e  packaged and shipped t o  Langley Research 
Center f o r  demonstration t e s t i n g  i n  t h e  60 f o o t  diameter a l t i t u d e  
sphere. 
sponse of the  sensor t o  t h e  v a r i a t i o n s  i n  densi ty  and provide a 
measurement of t he  c a l i b r a t i o n  cons tan ts  and determine proper 
operat ion of t h e  u n i t .  Also, during per iods  o ther  than density 
runs, t h e  equipment w a s  checked f o r  s t a b i l i t y .  The a c t u a l  se- 
quence of tests i s  ou t l ined  i n  Table I V .  
The purpose of t h e  t e s t i n g  w a s  t o  demonstrate t h e  re- 
The u n i t  w a s  f i r s t  p laced  i n  t h e  chamber, cabl ing attached, 
and a checkout of t h e  u n i t  operat ion performed. 
included a s t a b i l i t y  run i n  which the  u n i t  w a s  allowed t o  operate  
overnight and t h e  output count r a t e s  continuously recorded. The 
r e s u l t s  of t h i s  s t a b i l i t y  run ind ica ted  t h a t  t he re  were some 
temperature i n s t a b i l i t i e s  requi r ing  improvement. Also, t he  
f l u c t u a t i o n  of  t h e  AGC caused lack of s h o r t  term s t a b i l i t y .  
This  checkout 
Minor changes w e r e  e f f ec t ed  t o  reduce t h e  loop gain of 
t he  de t ec to r  e l e c t r o n i c s  i n  order  t o  s t a b i l i z e  t h e  AGC and reduce 
the  effect of AGC source s t a t i s t i ca l  f luc tua t ion .  Also, by 
reducing t h i s  loop gain, t h e  temperature s t a b i l i t y  w a s  improved. 
The checkout continued wi th  dens i ty  run No. 1. This  run 
involved the  i n s t a l l a t i o n  of t h e  1-cur ie  source and evacuating 
t h e  chamber t o  t h e  equivalent  of 100 m i l l i m e t e r s  and re turn ing  
t o  760 m i l l i m e t e r s  of mercury. The va r ious  da ta  po in t s  w e r e  
reviewed t o  v e r i f y  proper operation. This  checkout showed a 
s i g n i f i c a n t l y  higher  w a l l  scatter than an t ic ipa ted .  Modifica- 
t i o n s  t o  t h e  test  setup w e r e  made which added sh ie ld ing  around 
the  de t ec to r  t o  minimize s c a t t e r i n g  from t h e  chamber w a l l s  near 
t h e  bottom of the  chamber. Also, a po r t ion  of t he  veh ic l e  skin 
w a s  removed t o  minimize poss ib l e  mul t ip l e  sk in  scatter. 
improvement. 
S t a b i l i t y  test No. 2 w a s  then run, showing a s i g n i f i c a n t  
Density t es t  No. 2 w a s  then run, wi th  t h e  l p c u r i e  source. 
The sphere w a s  evacuated t o  1 m i l T i m e t e r  of mercury and da ta  
po in t s  were taken on the  way down. The u n i t  w a s  then soaked 
overnight i n  t h i s  l m i l l i m e t e r  vacuum and t h e  run continued t h e  
next day by br inging  the  u n i t  while  operat ing back t o  one atmos- 
phere, taking da ta  po in t s  on t h e  way. 
The next tes t  No. 3 w a s  run wi th  t h e  5-curie  s m r c e  i n s t a l l e d .  
The sphere w a s  evacuated t o  l m i l l i m e t e r  and da ta  po in t s  taken 
during t h i s  run. The u n i t  w a s  then turned o f f  and allowed t o  soak 
i n  t h i s  vacuum over a weekend, and upon r e tu rn  i t  w a s  turned on 
and found t o  opera te  properly and t h e  sphere returned t o  one 
atmosphere and data  po in t s  taken on t h e  r e tu rn .  
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I n  Density T e s t  No. 4., t h e  sphere w a s  again evacuated, 
with a 5-curie  source i n s t a l l e d ,  and data  po in t s  taken down t o  
1 m i l l i m e t e r  of mercury. I n  t h i s  fou r th  run, argon gas w a s  then 
t o  be introduced i n  order  t o  provide a measure of t h e  u n i t  opera- 
t i o n  wi th  a gas of d i f f e r e n t  molecular weight. Unfortunately, 
as  t h e  u n i t  w a s  vacuum soaked, a f a i l u r e  of t h e  de tec tor  assembly 
occurred. The de tec to r  assembly w a s  replaced with a second u n i t  
and sensor  checkout performed again.  
d e t e c t o r  f a i l e d  when a pressure  of 100 m i l l i m e t e r s  of mercury 
w a s  reached. 
Density test No. 5 w a s  then i n i t i a t e d  and t h e  second 
The f a i l u r e s  encountered w e r e  similar i n  nature .  A l a r g e  
increase  i n  operat ing c u r r e n t  w a s  noticed, along wi th  a reduction 
i n  de t ec to r  output.  Upon inves t iga t ion  of t he  f a i l e d  u n i t s ,  i t  
w a s  determined t h a t  t h e  f a i l u r e  of t h e  high vol tage  power supply 
w a s  caused by vo l t age  breakdown of t he  encapsulants.  
f a i l u r e s  provided enough information t o  form several conclusions. 
These w i l l  be discussed l a t e r  i n  the  repor t .  
w a s  reduced by computing t h e  a c t u a l  dens i ty  i n  t h e  chamber from 
measured temperature and pressure  data .  This a c t u a l  densi ty  i s  
p l o t t e d  with respec t  t o  t h e  de t ec to r  countrates ,  and are shown 
i n  the  following Figures  19, 20, 21, and 22. The s o l i d  l i n e  
shown i n  these  f i g u r e s  i s  a least  square curve f i t  of a second 
order  equation t o  these  data poin ts .  The a c t u a l  data po in t s  and 
da ta  are contained i n  Appendix D. 
The sphere data  t h a t  w a s  obtained before  the  de tec tor  
The sphere da ta  
Demonstration T e s t  Data Analysis 
The de tec ted  countrate  as a funct ion of gas densi ty  i n  
t h e  a l t i t u d e  sphere can be  expressed by the following equation: 
where: 
ID = detec ted  count r a t e  
IAs = a i r  scatter count r a t e  
= w a l l  scatter count r a t e  IWS 
IB = background count r a t e  
The a i r  s c a t t e r e d  count r a t e  i s  r e l a t e d  t o  a i r  densi ty  p, source 
s t r eng th  S ,  and a scale f a c t o r  KAs 
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The w a l l  scatter count ra te  i s  r e l a t e d  t o  source s t r eng th  and 
a scale f a c t o r  KWS . 
IWS = %SS 
Referring t o  t h e  test  data,  Figures  18 through 21, t h e  
f a c t o r  K S can be determined as the  s lope of t he  count r a t e  vs 
dens i ty  f l fot .  
provides the  sum LWs -F IB. Thus, each of t he  elements of equa- 
t i o n  (1) can be found from the  experimental data. I n  order  t o  
provide a cons i s t en t  method of obtaining t h i s  data,  a least  squares 
curve f i t  program w a s  appl ied  t o  the  da ta  points,  t h e  r e s u l t s  be 
being presented i n  Appendix D. Since the re  w a s  some non-l inear i ty  
i n  the  data,  a second order  equation, r a t h e r  than a l i n e a r  expres- 
sion, w a s  used f o r  t h i s  curve f i t  as  below. 
The ex t rapola t ion  of t h i s  p l o t  t o  zero densi ty  
The da ta  po in t s  are shown enc i r c l ed  and t h e  f i t t e d  curve 
shown as the s o l i d  l i n e  of Figures 18, 19, 20, and 21.  The 
r e s u l t a n t  parameters f o r  each tes t  run are shown i n  Table X. 
Notice i n  Appendix C that with few exceptions, the  da t a  po in t s  
f a l l  wi th in  &5% of reading of t h e  f i t t e d  curves. 
Discussion 
Scale  Factor .  The parameter of i n t e r e s t  i s  t h e  s c a l e  
f a c t o r .  This  i s  I t e m  B of equation 19 and Table X. For t he  
the  scale f a c t o r s  vary from X.94 x 107 t o  f i ve -cu r i  
2.16 x 10 pulses  pe r  second p e r  u n i t  densi ty .  The one c u r i e  
s c a l e  f a c t o r  w a s  seen t o  be from .387 x 107 t o  3.93 x 107 pulses  
pe r  second per  u n i t  densi ty .  The r a t i o  of scale f a c t o r s  thus 
ranged from 
7 
(20) 1.94. 107 = 4,.93 to 2.16 107 = 5.55 
.393 x 107 .387 x 107 
The r a t i o  of source s t r eng ths  a s  measured by the manufac- 
t u r e r  w e r e  5.09. Thus, t h e r e  i s  experimental agreement of the 
scale f a c t o r s  between var ious runs and t h e  pred ic ted  value of 
wi th in  &6%. 
The background measured wi th  t h e  source mechanism c losed  
This background va r i ed  
The back- 
i s  shown i n  columns D and E of Table X. 
from 213 pulses  pe r  second t o  2 7 1  pulses  pe r  second. 
ground w a s  a lways  high with t h e  chamber a t  low densi ty  and low 
wi th  the  chamber a t  high densi ty .  
t i o n  of t h e  background i s  a r e s u l t  of secondary r ad ia t ion  being 
generated as t h e  n a t u r a l  background i n t e r a c t s  with t h e  chamber 
w a l l s .  T h i s  i s  e a s i l y  demonstrated by the fact  t h a t  t h e  back- 
ground level i n  t h e  low energy region of i n t e r e s t  ou ts ide  t h e  
It i s  concluded t h a t  some por- 
69 


























































chamber i s  lower than i n  t h e  chamber. The a i r  i n  the  chamber 
then a t t e n u a t e s  t h i s  background g iv ing  t h e  not iced change i n  
count rate with densi ty .  
The w a l l  scat ter  p l u s  background i s  given a s  t h e  extrapo- 
l a t i o n  of  t h e  f i t t e d  curves t o  zero densi ty  which i s  l i s t e d  i n  
column A of Table X. 
low densi ty  gives  t h e  w a l l  s c a t t e r  of column F of Table X. 
Subtract ing the  assoc ia ted  backgrounds a t  
LfnearkLfygl; 
high densi ty ,  
caused Drimarflv bv 
The da ta  i s  seen t o  become non-linear a t  t h e  
count rate regions.  This  non-l inear i ty  i s  
t AGC s e n s i t i v i t y  t o  de tec ted  count r a t e  and 
secondakily t o  ke tkc to r  coincidence l o s s  and a i r  absorption of 
w a l l  scatter.  The a i r  absorpt ion w a l l  scatter can be  approxi- 
mately est imated us ing  the a t t enua t ion  expression 
- IJPX e 
where: 
x = two way pa th  length  = 100 feet  = 3050 cm 
3 p = densi ty  a t  1 atmosphere = .00127 gm/cm 
p = absorpt ion c o e f f i c i e n t  f o r  a i r  a t  100 Kev 
2 = 0.13 cm /gm 
g iv ing  : 
Thus, t h e  wa l l  scatter a t  1 atmosphere dens i ty  i s  about 60% of 
t h a t  a t  zero  dens i ty .  
i s  about 3% of t h e  1 atmosphere a i r  scatter, t h e  non- l inear i ty  
due t o  t h i s  e f f e c t  would account f o r  a 1.8% drop i n  count rate. 
Since the  w a l l  s c a t t e r  a t  zero densi ty  
6 The sensor response i s  approximatdy 10 pulses  per  
second. Coincidence l o s s  a t  25 KHz count rate would account f o r  
a 2.5% drop i n  count rate a t  1 atmosphere. These two non-linear 
e f f e c t s  are of minor s ign i f icance .  
The major cont r ibu t ion  t o  non- l inear i ty  i s  t h e  i n t e r -  
ac t ion  of t he  100 Kev s c a t t e r e d  gammas wi th  AGC c i r c u i t r y .  
t he  high backsca t te r  countrate,  a small por t ion  of t hese  counts 
reach the  AGC d iscr imina tor  level and are detected a s  p a r t  of 
t h e  AGC reference gammas. This r e s u l t s  i n  an erroneous reduction 
i n  gain t o  compensate f o r  t h e  inc rease  i n  count rate. This gain 
reduction decreases the  sensor scale f a c t o r  as a funct ion of t he  
densi ty .  This  effect w a s  seen t o  con t r ibu te  t h e  major sensor 
non-l inear i ty .  
A t  
7 1  
S t a b i l i t  . The s t a b i l i t y  of t h e  sensor was sampled by 
sampling +second count rate averages over a per iod of 16 hours 
without changing tes t  condi t ions o ther  than na tu ra l  ambient 
temperature swings of approximately flO°F. 
shown p l o t t e d  i n  Figure 23. Referr ing t o  the  AGC count rates, 
the  average of 20 poin ts  va r i ed  by f0.8%. The 2 CT s t a t i s t i c a l  
v a r i a t i o n  t o  be expected f o r  200 second averages i s  1.88%. This 
tes t  showed neg l ig ib l e  d r i f t  of the  AGC within the  measurement 
accuracy. The spread of 10 second averages w a s  seen t o  be *6.4%. 
The expected 2 ci s t a t i s t i c a l  v a r i a t i o n  f o r  10 second averages 
i s  computed as 8.5% again showing the  va r i a t ions  t o  be within 
the  expected 2 CT measurement to le rance .  
within t h e  2 0 expected s t a t i s t i c a l  f l uc tua t ion  of *l%. The over- 
a l l  d r i f t  i s  seen t o  be approximately *1.3%. 
The data  poin ts  are 









RECOMMENDATIONS BESULTING FROM 
PHASE I DEXELOPMENT AND TESTING 
This  sec t ion  descr ibes  areas requi r ing  f u r t h e r  develop- 
ment i d e n t i f i e d  i n  t h e  Phase I e f f o r t .  The primary elements t o  
be considered are t h e  photomult ipl ier  tube high vol tage  power 
supply packaging, and methods of automatic gain cont ro l .  F a i l -  
u r e s  of t he  de t ec to r  assembly i n  t h e  vacuum chamber demonstration 
t e s t i n g  have ind ica ted  a high vol tage  breakdown problem i n  t h e  
high vol tage  power supply. A s  a r e s u l t ,  some development i n  the  
area of high vol tage  power supply packaging i s  required.  Methods 
t o  consider are a more adequate encapsulation material, b e t t e r  
process cont ro l ,  o r  complete hermetic seal of t h e  package. 
The method of automatic gain con t ro l  must a l s o  be inves- 
t i ga t ed .  The purpose of t h i s  i nves t iga t ion  i s  t o  optimize t h e  
AGC technique i n  order  t o  reduce the  background s ignal ,  increase  
AGC source s t r eng th  f o r  b e t t e r  cont ro l ,  and provide more s t a b l e  
e l ec t ron ic s .  A review of the  var ious methods of automatic gain 
con t ro l  previously inves t iga t ed  i n d i c a t e s  t h a t  Americium alphas 
provide a b e t t e r  reference f o r  automatic gain cont ro l .  The fac t  
hat t h e  alphas and gammas do no t  t r ack  as a funct ion of temperature 
can be taken care of by temperature compensation of t h e  sensor. 
A composite c r y s t a l  w i l l  improve t h e  t r a c k i n g  a b i l i t i e s .  
c r y s t a l  
crystal  
Experimentation with a composite C s I ( T 1 )  and NaI(T1)  
wi th  AM 241 sealed i n t o  the  C s I  has  shown promise. This  
combination provides t h e  following advantages: 
1. Alpha p a r t i c l e s  a re  used as t h e  reference and do n o t  
c r e a t e  any background i n  t h e  gamma region. The a lphas  
considered are approximately 5 Mev i n  energy which, when 
detected i n  a s c i n t i l l a t i o n  c rys ta l ,  i s  equivalent  t o  
2 Mev gamma. This  i s  adequate separat ion from the 100 
Kev backsca t te r  gammas such t h a t  Americium alphas w i l l  
not  d i s t u r b  the  background count r a t e  and no 100 Kev 
backsca t te r  gammas w i l l  d i s t u r b  t h e  AGC c i r c u i t r y .  
2.  The 60 Kev gammas from t h e  A m e r i c i u m  source when 
de tec ted  i n  the  cesium iodide  c r y s t a l  w i l l  appear approx- 
imately t h e  same height  as t h e  equivalent  of 30 Kev gammas 
as de tec ted  i n  t h e  sodium iodide  c r y s t a l s .  Thus t h e  60 
Kev Am 241 gammas appearing as 30 Kev gammas are suf- 
f i c i e n t l y  low i n  amplitude so as no t  t o  con t r ibu te  noise  
i n  t h e  100 Kev region of i n t e r e s t .  
By using a NaI(T1)  c r y s t a l  r a t h e r  than a C s I ( N a )  c r y s t a l  
as w a s  done i n  t h i s  present  program, some considerat ion must 
be given t o  t h e  thermal and mechanical environments t h a t  might 
be  imposed on t h i s  c r y s t a l  assembly. I n  previous programs, i t  
has  been demonstrated t h a t  a properly packaged sodium iodide  crys-  
t a l  w i l l  wi thstand mechanical environments of shock and v ib ra t ion .  
Some considerat ion must be given t o  the  temperature shock t h a t  may 
be imposed upon t h e  crystal .  
Secondary areas which requi re  f u r t h e r  development are  
s impl i f i ca t ion  of the e l ec t ron ic s ,  minor modif icat ions t o  t h e  
source mechanism, and proof t e s t i n g  of the design through an 
environmental t es t  program. 
The purpose of t h e  e l e c t r o n i c s  s impl i f i ca t ion  i s  t o  
reduce t h e  s i z e  and power of the e l ec t ron ic s .  This can e a s i l y  
be  accomplished by removal of t h e  extraneous d i g i t a l  output 
e l e c t r o n i c s  and the  use of regulated power only f o r  referenced 
vol tage  levels. The modif icat ion of t h e  source mechanism being 
considered i s  t h e  increase  i n  u n i t  l ength  t o  allow an adequate 
spr ing  f o r  c los ing  t h e  source mechanism i n  the  event of a launch 
pad explosion o r  f i r e .  I n  t h e  present  design t h e r e  i s  not  ade- 
quate  room f o r  a spr ing which w i l l  r e t a i n  i t s  spr ing  rate a t  high 
temperature. 
v ide  a more p o s i t i v e  method of r e t a i n i n g  the  source i n  t h i s  
mechanism . 
A second modif icat ion t o  t h e  source mechanism i s  t o  pro- 
A t h i r d  minor addi t ion  t o  the  source i s  the  i d e n t i f i c a t i o n  
marks such t h a t  t h e  source can be gripped f o r  i n s t a l l a t i o n  i n  
the proper d i r ec t ion ,  minimizing wasted t i m e  during t h e  source 
i n s t a l l a t i o n  procedure. 
A t h i r d  e f f o r t  i s  t o  prove t h e  design through environ- 
mental t e s t i n g .  These tests should include the  effects of 
temperature, shock, v ibra t ion ,  vacuum, thermal shock and steril- 
i z a t i o n .  These above a reas  are recommended, f o r  inc lus ion  i n  
the  Phase I1 e f f o r t  o f  t h i s  program. The program w i l l  include 
updating t h e  design through f u r t h e r  breadboard t e s t ing ,  modifi- 
ca t ion  of t he  working mode, environmental t e s t i n g  of t he  working 
model, f u r t h e r  development of an  adequatePM tube high vol tage  
power supplyldetector  assembly, and inves t iga t ion  of methods of 
AGC. Upon completion of these  s tud ie s  and tests, t h e  r e s u l t a n t  
design modif icat ions w i l l  be incorporated i n t o  two engineering 
prototype atmospheric densi ty  sensors.  These sensors  w i l l  then 
be demonstrated i n  t h e  a l t i t u d e  chamber and de l ivered  f o r  eval- 
ua t ion  by NASA - LRC. 
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CONCLUSIONS OF PHASE I DEVELOPMENT 
The following conclusions have been reached as a r e s u l t  
1. An atmospheric a i r  densi ty  sensor can be designed 
wi th in  the  s ize ,  weight, and power c o n s t r a i n t s  of 100 
cubic inches, 5 pounds, and 5 w a t t s .  
2 .  The sensor design can incorpora te  s t e r i l i z a b l e  
components t o  a high percentage.  
3 .  Adequate de t ec to r  design f o r  operat ion i n  a vacuum 
i s  y e t  t o  be proven. 
4.. 
tests. 
of t h e  Phase I program. 
d 
Composition e f f e c t s  are y e t  t o  be determined via argon 
5. 
form of Gadolinium 153. 
A c l ean  100 Kev gamma source i s  a v a i l a b l e  i n  the  
6. 
are needed t o  improve temperature s t a b i l i t y  and sensor 
r e p e a t a b i l i t y .  
Improvements i n  t h e  automatic gain con t ro l  design 
A Phase I1 program i s  recommended t o  complete development i n  
t h e  areas s t i l l  needing improvement and provide engineering proto- 
types which w i l l  m e e t  a l l  t he  requirements of t h i s  program. 
7 6  
PHASE I1 - DESIGN 
A s  a r e s u l t  of t h e  development and t e s t i n g  on the  Phase 
I hardware, Phase I1 design w a s  incorporated t o  improve t h e  sys -  
t e m  i n  t h e  areas t h a t  were found lacking during t h e  test. The 
i n i t i a l  program set f o r t h  i n  Phase I1 w a s  t o  provide a new system 
and rerun tests i n  t h e  60-foot sphere a t  t h e  NASA Langley Reseaxch 
f ac i l i t i e s .  Due t o  the  numerous problems throughout t h e  program, 
l a c k  of funds, and lack  of a v a i l a b i l i t y  of t h e  test chamber, t h e  
program w a s  no t  completed. 
course set f o r t h  f o r  t he  development and l a b  tes ts  w e r e  made, but  
t he  t e s t i n g  i n  the  60-foot sphere w a s  e l iminated from the  program. 
de tec tor ,  and s igna l  conditioning e l e c t r o n i c s  which comprise the  
atmospheric dens i ty  sensor.  
The Gd-153 source i s  mounted i n  a sh ie ld  mechanism which 
performs t h e  following funct ions.  With t h e  sh i e ld  mechanism 
closed, the gama r a d i a t i o n  i s  a t tenuated  such t h a t  t h e  dose rate 
a t  1 m e t e r  i s  less than 2.0 m i l l i r e m  pe r  hour. The s h i e l d  and 
source may then be i n s t a l l e d  i n  a veh ic l e  without undue hazard. 
Upon ex te rna l  command (through t h e  veh ic l e  umbilical) ,  t h e  s h i e l d  
mechanism can be opened and latched, exposing t h e  source. I n  
case of an  aborted mission, the  s h i e l d  mechanism can be  unlatched 
and c losed  on ex te rna l  command. After launch, t h e  sh i e ld  mechanism 
remains open and t h e r e  i s  no way i n  which i t  can be closed and 
la tched.  When i n  f l i g h t ,  t h e  s h i e l d  mechanism can be momentarily 
c losed on command through a r ad io  command l i n k .  
The hardware w a s  developed and t h e  
Figure 24 i l l u s t r a t e s  i n  block diagram form t h e  source, 
When i n  t h e  exposed configurat ion,  enough sh ie ld ing  i s  
interposed between t h e  source and de tec to r  t o  a t t e n u a t e  d i r e c t  
transmission t o  a neg l ig ib l e  level (less than one pulse  per  
second). 
r ad ia t ion  p a t t e r n  i s  loosely col l imated t o  reduce the  p o s s i b i l i t y  
of a i r  scatter c l o s e  t o  t h e  veh ic l e  sur face  and r e s u l t a n t  e r r o r s  
due t o  shock l a y e r  effects. 
With t h e  s h i e l d  mechanism i n  t h e  open pos i t ion ,  the source 
The source i s  loca ted  approximately one m e t e r  from t h e  
de tec tor .  A s  gamma photons impinge upon t h e  de tec tor  crystal ,  
l i g h t  s c i n t i l l a t i o n s  are produced which are sensed and amplified 
by t h e  pulses  whose amplitude i s  approximately. proport ional  t o  
the  impinging photon energy and whose rate i s  equal t o  the  rate 
of impingement. 
These pu l ses  are f u r t h e r  amplif ied i n  the  s igna l  condi t ion 
e l e c t r o n i c s  and pass  t o  an upper level (UL) and lower level (LL) 
discr iminator .  The upper level discr iminator  passes  a l l  pulses  
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of amplitude g r e a t e r  than t h e  UL reference.  
cr iminator  passes  a l l  pu lses  o f  amplitude greater than the  LL 
reference.  These two d iscr imina tor  outputs  pass  t o  a NAND g a t e  
such t h a t  only those pulses  of amplitude between the  UL and LL 
reference produce output pulses .  Thus, an energy '%rindow" i n  
e s t ab l i shed  which i s  set t o  accept  only t h e  s c a t t e r e d  100 Kev 
photons and reject most o the r  no ise  and background pulses .  
The pu l se  output i s  converted t o  a 0 t o  4. v o l t  output 
s igna l  by t h e  pulse  t o  dc converter.  
d i r e c t l y  proport ional  t o  t h e  pu l se  rate. Automatic s ca l ing  i s  
performed by providing a two-slope output:  
pu t  from 0 t o  4. v o l t  output, lower s e n s i t i v i t y  output from 0 t o  
4 v o l t  output f o r  0 t o  4.0,OOO Hz. 
metered d i r e c t l y .  
The lower level d is -  
The dc output level i s  
high s e n s i t i v i t y  out- 
These dc outputs  can be tele- 
Since photomult ipl ier  tubes do not exh ib i t  good s t a b i l i t y  
over t i m e  and temperature, an automatic gain con t ro l  (AGC) i s  
employed. 
introduced i n t o  t h e  de t ec to r  c r y s t a l .  This provides a reference 
output from t h e  de t ec to r  which i s  examined by t h e  AGC e l ec t ron ic s .  
I f  the pu l se  he ight  of t h e  reference output i s  not  cor rec t ,  t h e  
gain of t h e  photomult ipl ier  tubes ad jus ted  by varying i t s  high 
vol tage u n t i l  the  reference pulse  he ight  i s  brought back t o  the  
proper level. The pulse  height  i s  measured by t h e  AGC level d is -  
cr iminator .  Some of .  t he  reference pulses  w i l l  f a l l  below t h i s  
re ference leve l  and some above. Those t h a t  f a l l  above pass  through 
the  d iscr imina tor  and the  pulse  r a t e  compared wi th  a b i a s  i n t e g r a t o r  
which lowers t h e  photomult ipl ier  tube gain.  This reduces t h e  out- 
pu t  pu lse  he ight  reducing t h e  number of AGC pulses  passing through 
t h e  AGC d iscr imina tor .  I n  t h i s  way, a constant  AGC count rate and 
reference pulse  height  i s  maintained. 
A reference gamma source of 2 Mev from an Am-241 i s  
Source Assembly 
During design evaluat ion and t e s t i n g  of t h e  source holder,  
two p o t e n t i a l  problem areas w e r e  uncovered. 
anism, i t  w i l l  be  poss ib l e  a t  high temperatures, as i n  t h e  case 
of an explosion on t h e  launch pad, t h a t  t h e  tension would be 
destroyed by hea t .  
mechanism, where increased hea t  could cause expansion t o  t h e  po in t  
where t h e  s h u t t e r  would not  c lose.  These problems w e r e  e l iminated 
by redesign of the  p i v o t  mechanism so t h a t  adequate c learances 
would be a v a i l a b l e  under a l l  temperature conditions,  and t h e  spr ings  
were made of d i f f e r e n t  tempered steel  which would allow the  ten- 
s ion  t o  be  maintained under a l l  expected temperature condi t ions.  
In  t h e  spr ing  mech- 
The second problem e x i s t e d  on the  p ivot  
Detector Assembly 
During t h e  t e s t i n g  of t h e  60-foot sphere on t h e  Phase I 
hardware, both photomult ipl ier  tube and high vol tage  power supply 
f a i l e d .  Both u n i t s  were returned t o  t h e  o r i g i n a l  manufacturer, 
EMR, f o r  evaluat ion and r epa i r .  After many months of evaluation, 
EMR concluded t h a t  t he  problems a s soc ia t ed  with the  high vol tage  
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power supply during tes ts  w e r e  a r e s u l t  of  the  po t t ing  technique 
t h a t  w a s  used i n  encapsulating the  high vol tage sect ion.  Conrac 
had an t i c ipa t ed  t h i s  type of problem and had set f o r t h  a program 
t o  redesign the  high vol tage power supply using a d i f f e r e n t  tech- 
nique. Af t e r  EMR had completed the  t e s t  and r epa i r  of one un i t ,  
i t  w a s  re turned t o  Conrac and then subjected t o  v ib ra t ion  and 
shock tests, The shock tests ind ica ted  no problem areas with 
respect  t o  design, bu t  the  v ib ra t ion  tes t  pointed out an area i n  
the  housing which had a high resonance and would have caused a 
complete f a i l u r e  over sustained operat ion a t  t h i s  frequency. 
Conrac's evaluat ion of the  high vol tage power supply 
problem covered th ree  areas of design. 
cont inuat ion of t he  design i n  t he  Phase I hardware with whatever 
improvements w e r e  requi res  as a r e s u l t  of EMR's evaluat ion ahd 
Conrac's environmental t e s t i n g .  The second w a s  t o  have a power 
supply redesigned by Pulse Engineering Corporation of San Jose,  
Cal i forn ia .  Pulse  Engineering had previously designed and b u i l t  
a high vol tage power supply/photomultiplier tube combination f o r  
Conrac on the Apollo program. These u n i t s  had been very success- 
f u l  throughout t h e  environmental tests which had been run on t h i s  
program. The t h i r d  approach w a s  t o  use the  bas ic  ENR design, but 
t o  change the  housing so t h a t  i t  would be evacuated and sealed.  
EMR's evaluat ion of t he  f a i l u r e s  and the  cause of the  f a i l u r e  
w e r e  not  adequate i n  Conrac's opinion t o  cont inue with t h i s  type 
assembly. 
of the  program. Conrac therefore  c m p l e t e d  the  design of the  
de tec tor  using the  bas ic  high vol tage power supply from EMR and 
a completely sealed assembly. The v ib ra t ion  problems t h a t  w e r e  
present  i n  the  o r i g i n a l  design w e r e  e l iminated during the  bas ic  
redesign. The Conrac designed de tec tor  i s  the  same as shown i n  
Figure 7 .  The e n t i r e  un i t ,  including the  c rys t a l s ,  photomult ipl ier  
tube, high vol tage  power supply w e r e  assembled and t e s t ed .  Dur- 
ing  the  assembly, t he  photomult ipl ier  tube w a s  preloaded with a 
spr ing and shims so t h a t  a constant  pressure ex is ted  between 
the photomult ipl ier  tube and t h e  window. After  assembly w a s  
completed, the  de tec tor  housing and the  e l e c t r i c a l  header w e r e  
welded using the  e l ec t ron  beam process.  
a t ed  and f i l l e d  wi th  a t r a c e  of helium p r i o r  t o  sea l ing  so t h a t  
adequate leak  tests could be performed a f t e r  seal ing.  The f i n a l  
r e s u l t s  of t h i s  process during the  temperature and bench tests 
a t  Conrac proved t o  be s a t i s f a c t o r y .  
The f i r s t  w a s  t o  be a 
The c o s t s  quoted by Pulse Engineering were p roh ib i t i ve  
The u n i t  w a s  then evacu- 
The t e s t i n g  of t he  Phase I de tec tor  had some i n s t a b i l i t i e s  
due t o  the  e l ec t ron ic s  and the  automatic gain cont ro l  techniques. 
A Barium 133 source w a s  used wi th  a sodium ac t iva t ed  cesium 
iodide crystal .  P a r t  of t he  gamma spectrum from the  B a r i u m  
source and p a r t  of t h e  Gd 153 gamma overlapped the  de tec tor  and 
caused an i n s t a b i l i t y  i n  the  AGC. The Phase I1 design used a 
NaI(T1) detector  c r y s t a l  and a cesium iodide (na) AGC c r y s t a l  
with an Americium 241 alpha source. During the  i n i t i a l  t e s t i n g  
of t h i s  combination, the AGC s igna l  w a s  found t o  be too  g rea t  i n  
80 
amplitude and could n o t  be handled adequately by e l ec t ron ic s .  
This  problem w a s  solved by a series of o p t i c a l  f i l t e r s  which 
e s s e n t i a l l y  reduced the  pu l se  he ight  of t h e  AGC s igna l  out of 
t h e  photomult ipl ier  tube. Additional problems of t h e  spectrum 
smearing were a l s o  present  i n  t h i s  design and were solved by 
providing a quar tz  c rys ta l  wi th  t h e  proper coe f f i c i en t  transmis- 
s ion.  
Elec t ronics  
The major problems assoc ia ted  wi th  the  e l e c t r o n i c s  i n  
Phase I w e r e  i n  t h e  area of automatic ga in  con t ro l  and the  
s t a b i l i t y  over temperature environment. 
diagram of Phase I1 e lec t ron ic s .  
w a s  spent  i n  t h e  development and t e s t i n g  of t h e  e l e c t r o n i c s  f o r  
t he  AGC. The b a s i c  in t eg ra t ed  c i r c u i t s  w e r e  f i n a l l y  changed 
from 709s t o  74.1s which provided the system with more s t a b i l i t y  
over t h e  temperature range and add i t iona l  c i r c u i t r y  w a s  added 
t o  compensate t h e  AGC network along w i t h  t h e  o p t i c a l  f i l t e rs  
t h a t  w e r e  added i n t o  the  de tec tor .  The e n t i r e  system w a s  t e s t e d  
over t he  temperature range from -15°C t o  +50°C with  input  count 
rates from approximately 300 t o  30,000 counts. The r e s u l t s  of 
these  tests are shown on Tables X I  and X I I .  Resul ts  of t hese  
tests i n d i c a t e  t h a t  t h e  system opera tes  wi th in  e r r o r  band of 
*2% of t h e  e n t i r e  frequency temperature range. The checkout,  
c a l i b r a t i o n  and test plan f o r  t h e  system are described i n  
Appendix D. 
Figure 25 i s  a schematic 
A considerable  amount of t i m e  
81/(82 blank) 
CONCLUSIONS OF PHASE I1 
The b a s i c  a i m s  of t h e  Phase I1 program w a s  d i r e c t e d  
toward accomplishing design improvements as a r e s u l t  of t h e  
Phase I design, and t h e  f a b r i c a t i o n  and t e s t i n g  of two engineer- 
i ng  prototype Gama Backscatter Atmospheric Density Sensors. 
The Phase I and Phase I1 programs have proven the  b a s i c  design 
of t h e  Gamma Backscatter Atmospheric Density Sensor f o r  u se  i n  
atmospheric s tud ie s .  The r e s u l t s  of t h e  programs a r e  summarized 
as follows: 
1. An engineering model of t h e  system has proven over 
t h e  temperature and frequency range t h a t  t h e  system i s  
accura te  t o  wi th in  *2%. 
2. The u n i t  can be packaged i n t o  a 100 cubic inch s i z e  
and use  less than 5 w a t t s  of power. The weight of t h e  
engineering model s l i g h t l y  exceeded t h e  5 pound l i m i t ,  
bu t  several areas of weight reduct ion can be accomplished 
with continued design e f f o r t .  
3. F i n a l  t e s t i n g  of t h e  system i n  a l a r g e  test  chamber 
w a s  no t  accomplished because of t h e  a v a i l a b i l i t y  of t he  
chamber. 
The use  of a 100 Kev gamma source i n  t h e  form of Gd 153 w i l l  
probably prove out  t o  be one of t h e  most s i g n i f i c a n t  r e s u l t s  of 
t h i s  program. This source has shown t h a t  i t  can provide a high 
energy gamma source t h a t  can be e a s i l y  shielded and has  a c lean  
spectrum which probably w i l l  be  used i n  many o the r  f i e l d s  of 
r ad ia t ion  study. 
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APPENDIX A 
Methods of Automatic Gain Control 
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1.0 INTRODUCTION AND SUMMARY 
This appendix descr ibes  several techniques f o r  s t a b i l i z i n g  
the  pulse  height  output  of s c in t i l l a to r -pho tomul t ip l i e r  tube 
type gamma rad ia t ion  detectors .  These techniques w e r e  con- 
s idered  f o r  use i n  the  Gamma Backscatter Atmosphere Density Sensor 
being developed f o r  National Aeronautics and Space Administratian, 
Langley Research Center, under Contract NASI-7791. This sensor 
measures the amount of 100 Kev g m a  rad ia t ion  sca t t e red  from a 
source t o  a de tec tor  by t h e  atmosphere. 
and thus t h e  de tec tor  output i s  d i r e c t l y  proport ional  t o  the  
atmospheric densi ty .  
The method of s t a b i l i z a t i o n  i s  through t h e  use of automatic 
gain con t ro l  (AGC) techniques. A reference r ad ia t ion  source i s  
placed near  the  de tec tor .  The de tec tor  output  pulse  height  from 
t h i s  reference source i s  measured and compared with a reference 
vol tage  level. I f  the  pulse  he ight  i s  too l a r g e  o r  too s m a l l ,  t he  
gain of t h e  photomult ipl ier  tube i s  correspondingly adjusted.  
Thus, v a r i a t i o n s  of t he  c r y s t a l ,  photomult ipl ier ,  and i t s  power 
supply wi th  t i m e ,  temperature, o r  other  environment t h a t  cause 
pulse  height  changes are automatical ly  corrected.  
2.0 DESCRIPTION OF VARIOUS AGC METHODS 
The important requirements of the  optimum AGC approach are 
The amount of scatter 
l i s t e d  below: 
1. The reference source must have a long h a l f - l i f e .  
2. The reference source pulse  height  must t r ack  the  
s igna l  pu lse  height .  
3. The reference source must not  contr ibute  t o  the  
background noise  level i n  the  s igna l  energy region. 
This inves t iga t ion  centered around the  use of Americium 241 
alphas;  Americium 241, 60 Kev gammas; Barium 133, 355 Kev gammas; 
and Gadolinium 153, 100 Kev gammas as reference sources. The 
s igna l  source i n  a l l  cases i s  backscat tered Gd-153, 100 Kev 
gammas. The de tec tor  c r y s t a l s  considered w e r e  N a I ( T l ) ,  CsI(Tl),  
and CsI(Na), o r  combinations thereof .  The use of a CsI(Na) 
c r y s t a l  i s  most at tractive s ince  i t  exh ib i t s  good gamma detect ion 
q u a l i t i e s  and i s  rugged. The following paragraphs descr ibe several 
AGC methods and t h e i r  relative advantages. 
2 .1  C s I  (Na) Detector and Am-241 Alpha Reference. The AM-241 
alphas provide an exce l len t  pu lse  reference with good resolut ion.  
The Americium can be seeded d i r e c t l y  i n  the  c rys ta l  material. 
alpha cont r ibu tes  neg l ig ib l e  countrate  i n  the  region of 100 Kev 
gammas, thus producing no noise .  
Am-241 may i n t e r f e r e  with the  100 Kev gamma backscat ter  spectrum. 
The alpha pulse  height  does not  t r a c k  the  gamma p l s e  height  as t h e  
c r y s t a l  temperature i s  var ied.  
The 
The 60 Kev gammas from the  
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2.2 NaI(T1)  / C s I ( T l )  C r y s t a l  Combination and Am-24.1 Alpha 
Reference. 
f a c t o r  smaller than t h e  NaI(T1) c r y s t a l .  By using a main detectn r 
c rys ta l  of NaI(T1) and bonding a small CsI(T1) c r y s t a l  seeded wi th  
Americium 241, a composite c r y s t a l  i s  achieved which has  the  
following c h a r a c t e r i s t i c s .  
The pu l se  height  output from a CsI(T1) c rys t a l  i s  a 
The alpha pu l ses  provide a good s igna l  f o r  AGC. The 60 
gammas introduced by t h e  Am-24.3 are now much lower i n  pulse  
he ight  than the  100 Kev backsca t te r  gammas being de tec ted  i n  t h e  
NaI(T1) por t ion  of t h e  c r y s t a l  assembly, thus reduced noise.  The 
alpha pulses  i n  the  C s I ( T 1 )  c r y s t a l  and t h e  gamma pulses  i n  t h e  
NaI(T1)  c r y s t a l  t r ack  each o ther  b e t t e r  wi th  varying c r y s t a l  
temperature, bu t  s t i l l  not  w e l l  enough t o  be considered a s t a b l e  
de t ec to r  over wide temperature ranges. 
2.3 CsI(Na) /CsI(Tl) C r y s t a l  Combination and Am-24.1 Alpha 
Reference. The CsI(T1)  c r y s t a l  has a lower pulse  he ight  output 
than the  CsI(Na) c r y s t a l .  By bonding a small CsI (T1)  c rys t a l  
seeded wi th  Am-24.1 t o  a CsI(Na) c r y s t a l ,  t h e  same r e s u l t s  of 
Paragraph 2.2 can be  achieved. T h e  temperature t r a d n g  of the 
alphas i n  t h e  C s I ( T 1 )  and t h e  backsca t te r  gammas i n  t h e  C s I ( N a )  
are probably not  as good as the combination of  2.2,  s ince  both 
materials are C s I  and l i t t l e  compensation would r e s u l t .  
has  not  been v e r i f i e d  by tes t .  
This 
2.4. CsI(Na) Crys t a l  and Am-24.1 60 Kev Gamma Reference. The 
use  of a gamma reference  i s  considered t o  e l imina te  t h e  e f iec t  of 
d i f f e r i n g  temperature s e n s i t i v i t i e s  of c r y s t a l s  t o  alphas and 
gammas. By using a gamma reference of lower energy than the  
s ignal ,  i t  cannot con t r ibu te  noise .  This  technique i s  d i f f i c u l t  
t o  implement because the  backsca t te r  s igna l  con t r ibu te s  l a r g e  
and varying count rates i n  the 60 Kev region which w i l l  upset  t h e  
AGC. Unless a very high AGC count rate, compared with the  s igna l  
count rate, i s  used, t h i s  method appears impract ical .  For the  
present  appl ica t ion ,  t h e r e  a 40,000 pps s i g n a l  i s  expected, t h e  
AGC count r a t e  should be a t  l e a s t  100 t i m e s  g r e a t e r  t o  achieve 
s t a b l e  operat ion.  This  i s  no t  p r a c t i c a l  wi th  t h e  pulse  width 
c h a r a c t e r i s t i c s  of t h e  s c i n t i l l a t i o n  material. 
2.5 C s I ( N a )  C r y s t a l  with Ba-133, 355 Kev Gamma Reference. 
The 355 Kev Gamma output  from the  Ba-133 source provides a very 
good reference.  
shielded so t h a t  i t  does no t  con t r ibu te  noise .  The de tec to r  i t se l f  
however i n  t h e  s c i n t i l l a t i o n  process  generates  a Compton continuum 
which introduces some noise  i n  t h e  100 Kev region. This  no ise  
can be  minimized by reducing the reference count t o  as low a r a e  
as poss ib l e  while s t i l l  providing enough f o r  good AGC response. 
The 80 Kev gama output can b e  effectively 
2 . 6  CsI(Na) Crys ta l  wi th  No Auxiliary Reference Source. The 
100 Kev gamma backsca t te r  pu lse  height  can be  used d i r e c t l y  t o  con- 
t r o l  the  gain of t h e  de t ec to r .  The accuracy of t h i s  method im- 
proves as -backsca t te r  count ra te  increases ;  however, i n  t h e  very 
low densi ty  regions, the AGC beconr!s i ne f f ec t ive .  A s m a l l  Gd-153 
source can be added t o  e s t a b l i s h  a minimum count rate. 
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2.7 Shut ter ing Method. The method descr ibed i n  Paragraphs 
2.5 and 2.5 can be improved by shut t ing  the  reference source and 
operat ing the  AGC on a low duty cycle .  During per iods when back- 
s c a t t e r  measurements are taken, t he  reference source i s  closed and 
the gain i s  held, thus no noise  contr ibut ion.  Between successive 
backscat ter  measurements, t he  reference source i s  opened and AGC 
e l ec t ron ic s  ac t iva t ed  t o  provide correct ion.  The mechanical shut- 
t e r i n g  required degrades the  r e l i a b i l i t y  and adds weight t o  the  
sys t em making the  approach not a t t r a c t i v e .  
3.0 CONCLUSIONS 
Table I summarizes the  approaches discussed above. The 
method chosen f o r  t he  present  program i s  t h a t  defined i n  Paragraph 
2.5. It provides good AGC with l i t t l e  complexity. The short-  
coming i s  the  noise  introduced. Further  study appears warranted 
on the  combination cgatal and alpha reference approach. Perhaps 
by choosing the  proper combination of c r y s t a l s  and amount of 
doping, an assembly i n  which the  gammas and alphas t r ack  with 
temperature can be achieved. 
L i t e r a t u r e  has shown t h a t  by changing the  amount of doping, 
The p o s s i b i l i t y  of accurate  compensation therefore  
a c r y s t a l  can exh ib i t  e i t h e r  a negat ive o r  p o s i t i v e  temperature 
s e n s i t i v i t y .  
seems possible .  
Further  study of the  e l ec t ron ic s  required t o  implement ap- 




































































































R e l i a b i l i t y  Analysis 
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1.0 SCOPE 
The following pages present  t h e  R e l i a b i l i t y  Block Diagram 
and Math Model, F a i l u r e  Mode and Ef fec t s  Analysis, and F a i l u r e  
Rate Analysis f o r  t h e  Engineering Prototype Gamma Backscatter 
Atmospheric Density Sensor. This  sensor i s  being developed 
under Contract NAS1-7791 f o r  NASA, Langley Research Center, f o r  
eventual app l i ca t ions  t o  planetary atmospheric explorat ion.  
2 .0  RELIABILITY BLOCK DIAGRAM 
The R e l i a b i l i t y  Block Diagram i l l u s t r a t e s  the  seven e l e m n t s  
t h a t  make up t h e  Detector and Elec t ronics  por t ion  d t h e  sensor. 
The rad ioac t ive  source element has  not  been considered a t  t h i s  
t i m e .  The seven elements considered are: 
1. Photomultiplier Tube and C i rcu i t ry  
2. High Voltage Power Supply 
3 .  Pre-amplifier and Window Discriminator 
.I 
4.. Automatic Gain Control 
5. Analog Converter 
6 .  Pulse Delay Converter 
7 .  Low Voltage Power Supply 
3.0 FAILURE MODE AND EFFECT ANALYSIS 
The F a i l u r e  Mode and Effec t  Analysis has been l imi t ed  t o  
general  type f a i l u r e s  of var ious  sensor elements r a t h e r  than 
d e t a i l  f a i l u r e  ana lys i s  t o  the  p iece  p a r t  level. The r e s u l t s  
of t h i s  ana lys i s  show t h a t  the sensor w i l l  f a i l  t o  achieve i t s  
mission i f  f a i l u r e s  of  any p a r t s  occur. Therefore, t he  u n i t  
r e l i a b i l i t y  i s  based on a complete p a r t s  count assuming no 
redundancy o r  p a r t i a l  success. 
4.00 FAILURE RATE 
The d e t a i l  f a i l u r e  rate ana lys i s  i s  summarized on the  
summary page showing a t o t a l  mission p robab i l i t y  of success of 
89.61%. This success p robab i l i t y  i s  almost e n t i r e l y  due t o  f a i l -  
u re s  t h a t  could occur during t h e  long t r a n s i t  per iod where the 
sensor i s  i n  a power-off condi t ion.  The major cont r ibu tor  t o  
t h i s  f a i l u r e  rate i s  the  High Voltage Power Supply and i t s  l a r g e  
number of semiconductor elements. 
i s  poss ib le  i n  t h i s  a r ea  by b e t t e r  app l i ca t ion  o f  t h e  p a r t s  
used. 
Some room f o r  improvement 
The p robab i l i t y  of success during per iods of t h e  mission 
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This appendix descr ibes  the test se tup  f o r  c a l i b r a t i n g  
and t e s t i n g  the ADS-104 Sys tem.  The s y s t e m  as shipped w i l l  be 
ca l ib ra t ed  f o r  use wi th  50 foot  cable between the e l ec t ron ic s  
and de tec to r ,  and a Gd 153 gamma source.  Details of handling 
and c a l i b r a t i n g  wi th  high s t r eng th  sources are a l s o  contained 
i n  t h i s  appendix. 
2.0 TEST BOX 
The t e s t  box provides the  e l e c t r i c a l  i n t e r f ace  between 
the sensor  and tes t  equipment as i s  i l l u s t r a t e d  i n  the Intercon-  
nect ion Block Diagram, Figure 1. Figure 2 shows the wir ing of 
the PM/HVPS. 
input  vol tage and current  a r e  monitored i n  the test box. The 
pr imary  outputs  of the  sensor are the 0 to  4 v o l t  dc which i s  
measured with a d i g i t a l  vol tmeter .  
t o  energize the s h i e l d  solenoids  f o r  opening and closing the 
source mechanism. 
The u n i t  i s  powered from a 28-volt source and the 
Switches are a l s o  provided 
Secondary output  from the  sensor can a l s o  be monitored 
as a check on sensor  performance. These outputs  are shown as 
dashed l i n e s  on Figure 1. Pulses out  of the UL discr iminator ,  
LL discr iminator ,  and NAND Gate can be monitored. The AGE high 
vol tage power supply cont ro l  vol tage is  monitored t o  insure 
in - l imi t  cont ro l .  
The test box schematic i s  shown i n  Figure 3. 
3.0 CALIBRATION 
This s ec t ion  descr ibes  the c a l i b r a t i o n  procedures and 
presents  c a l i b r a t i o n  data  taken on the Atmosphere Density 
Sensor (ADS-104). Cal ibra t ion  adjustments are performed on 
the u n i t  t o  set u p  the  AGC, set  the UL and LL of the output 
window, set  up the s lopes and end points  on the pulse to  dc 
converter  . 
3.1 Gain. The pulse height  spectrum as measured a t  
TP7 has the A n 1  AGC peak and the Gd 153 c a l i b r a t i o n  source 
d i r e c t  transmission peak a t  100 Kev. The Am 241 source 
s t r eng th  i s  se l ec t ed  t o  produce approximately 200 pulses  p e r  
second i n  the AGC spectrum. R28 is  se l ec t ed  so  t h a t  the AGC 
discr iminator  level (Gain reference)  i s  set a t  4.0 v o l t s .  The 
gain b ias  (R32) i s  then se l ec t ed  so t h a t  the AGC spectrum peak 
f a l l s  a t  4 v o l t s  and the AGC discr iminator  output count rate 
i s  100 pulses  p e r  second. 
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3.2 Window. The sensor  a i r  backscat ter  pulse  height  
The optimum upper spectrum as measured i s  shown i n  Figure 4. 
and lower discr iminator  l eve l s  are seen to  be 0.9 v o l t  and 1.5 
v o l t s .  R10 ad jus t s  the low level and R13 ad jus t s  the upper l e v e l  
t o  these values .  
3.3 Pulse t o  DC Converter. Se lec t ion  of r e s i s t o r s  R42B, 
R46A, R46B, Rh9, and R95 i s  necessary t o  provide the des i red  
s lopes,  breakpoint,  and end points  of the pulse to  dc converter .  
The c a l i b r a t i o n  da ta  are summarized i n  Table I. 
4.0 DEMONSTRATION TEST PLAN 
The following tests s h a l l  be performed a t  NASA, Langley 
Research Center,  t o  demonstrate the performance of the  Atmosphere 
Density Sensor a f t e r  a b r i e f  confidence check period. 
4 .1  I n s t a l l a t i o n  and Check-out. The sensor s h a l l  be 
placed near  the f l o o r  of the 60-foot diameter a l t i t u d e  sphere,  
$acing upward. 
sensor  and i t s  tes t  equipment via  a 100-foot cable .  
s h a l l  be turned on and background and AGC measurements recorded. 
This da ta  s h a l l  be compared wi th  previously recorded da ta  t o  
ve r i fy  proper sensor  operat ion.  I f  des i red ,  the a l t i t u d e  sphere 
may be closed and evacuated while the sensor  i s  i n  t h i s  configura- 
t i o n ,  and s t a b i l i t y  of sensor  output monitored. The da ta  format 
i s  shown i n  Table 11. 
Cable interconnect ion s h a l l  be made between the 
The sensor  
4.2 One-Curie Cal ibra t ion .  The sensor  s h a l l  be placed 
near the f l o o r  of the  60-foot diameter a l t i t u d e  sphere,  facing 
upward wi th  the unloaded source assembly and de tec tor  separated 
by one m e t e r .  A sensor  check s h a l l  be performed using the Gd 153 
c a l i b r a t i o n  source and a background measurement taken. The 
1-curie  Gd 153 source s h a l l  be i n s t a l l e d  and the source mechanism 
closed and a second reference measurement taken. The chamber 
s h a l l  be sealed and the  source mechanism opened. The chamber 
s h a l l  slowly be evacuated and the  measurements i n  Table 111 
recorded. Pressure s h a l l  be measured using the Wallace and 
Tiernan pressure gage. Temperature s h a l l  be measured using 
the recording thermocouple. Evacuation s h a l l  proceed t o  a 
pressure of 1 mm hg. 
t i o n  and r e f i l l .  When back t o  atmospheric pressure,  the source 
mechanism s h a l l  be closed and a reference reading recorded. 
source s h a l l  then be removed and background readings recorded. 
The c a l i b r a t i o n  source s h a l l  be replaced and reference readings 
recorded. 
Data s h a l l  be taken both during evacua- 
The 
4.3 Five-Curie Cal ibra t ion .  The 5-curie  Gd 153 c a l i -  
b ra t ion  run shall  follow the  s a m e  procedure as the 1-cur ie  
c a l i b r a t i o n  of paragraph 4.2. 
TABLE I 
CALIBRATION DATA SUMMARY 
(Reference Figure 1) 
DES1:RED 
GAIN -
AGC Source Spectrum (vol t s )  TP4 
AGC Gain Reference ( v o l t s )  TPF 
R28 (ohms) 
R29 (ohms) 
AGC D i s c  Output (Hz) TP7 
WINDOW 
UL D i s c .  Ref. ( v o l t s )  




PULSE TO DC CONVERTER 
25 pps Output ( v o l t s )  
TPE a t  4 KHz Output ( v o l t s )  H G a b  
Breakpoint Output (vo 1 ts ) 

























2 . 8 K  
7 .5K 
l l O K  
4.7K 
19.6K 
l l O K  
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ONE -CURIE CALIBRATION 
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4.4 Composition S e n s i t i v i t y .  Based upon previous test 
r e s u l t s ,  the  1 - c u r i e  o r  5-curie  source s h a l l  be se l ec t ed  to  
perform- the  test .  
be recorded as i n  paragraph 4.2. Data s h a l l  be recorded as the  
chamber i s  evacuated t o  a pressure of 1 . 0  mm hg. Argon gas s h a l l  
be slowly introduced t o  a pressure of 100 mm hg and da ta  recorded. 
The chamber s h a l l  then be evacuated t o  1 m m  hg and da ta  recorded. 
The chamber s h a l l  be slowly returned t o  1 atmosphere and da ta  
recorded. F ina l  background and reference measurements s h a l l  be 
recorded as i n  paragraph 4.2. 
Background and reference measurements s h a l l  
4 .5  Separat ion S e n s i t i v i t y .  Based upon previous tes t  
r e s u l t s ,  the  1-cur ie  o r  5-curie  source s h a l l  be se lec ted  f o r  
t h i s  tes t .  Background and reference measurements s h a l l  be 
recorded as i n  paragraph 4.2, except the source t o  de t ec to r  
separa t ion  s h a l l  be 50 cm i n  l i e u  of 100 cm. Data s h a l l  be 
recorded as the  chamber i s  evacuated to  1 mm hg and returned 
t o  1 atmosphere. 
s h a l l  be recorded as i n  paragraph 4.2. 
F ina l  background and reference measurements 
5.0 SOURCE HANDLING 
The source handling and sa fe ty  procedures are described 
i n  t h i s  s ec t ion .  The 5-curie  Gd 153 source w i l l  be used as 
reference.  The source c h a r a c t e r i s t i c s  are l i s t e d  below. 
Material - Gadolinium 153 
Strength - 5 cu r i e s  
Half L i f e  - 242 days 
Gamma Energy - 70 Kev 
Percent Yield - 3.1% 
Form - Sealed Source, 
Welded S.S. Capsule 
Dose R a t e  Constant (Computed) 
Dose Rate Constant (Measured) 
97 Kev 103 Kev 
30% 22% 
r )  
0.24 - cmL; 
mc - h r  
2 
mc - h r  0.22 - cm 
The measured dose rate constant  i s  lower than the com- 
puted s ince  e f f e c t s  of se l f -absorp t ion  and capsule w a l l  absorp- 
t i o n  have not been considered. For the  dose rate ca l cu la t ions ,  
the more conservat ive dose rate constant  of 0.24 r - cm2 w i l l  
be used. iFTz 
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The sequence of source i n s t a l l a t i o n  i s  out l ined  below. 
1. Open cask and remove source from shielded container  
2 .  Place source on f l o o r  and regrasp source i n  proper 
using 5-foot handling tongs. 
o r i e n t a t i o n  f o r  i n s  t a l l a  t ion .  
3 .  I n s t a l l  source i n  source assembly and ac tua te  
4.  Tighten screws securing the  source. (Source i s  
mechanism to  the  closed pos i t ion .  
shielded i n  t h i s  operat ion.)  
The sequence of source removal i s  out l ined  below. 
5. Loosen screw securing source.  (Source i s  shielded 
i n  t h i s  operat ion.)  
6. Actuate mechanism t o  the open pos i t ion  and grasp 
7 .  Remove source and place i n  shielded container .  
source using 5-foot  handling tongs. 













Dose ( m r )  
1.0 
1.5 
1 .5  
1.5 
120 
The computed dose per  i n s t a l l a t i o n  and removal cycle  i s  
6.5 m r .  
exceeding a 100 m r  p e r  week l i m i t .  
This cycle  can be repeated f i f t e e n  t i m e s  p e r  week without 
The test  plan c a l l s  f o r  6 source i n s t a l l a t i o n  removals, 
The maximum dose rate on the outs ide surface of the sphere,  
thus allowing f o r  reasonable contingency. 
assuming 5-fOOt min imum d is tance  and the  a t tenuat ion  afforded by 
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